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ABSTRACT
IRON-CARBON ASSOCIATIONS IN TROPICAL SOILS OF THE LUQUILLO
CRITICAL ZONE
Elizabeth K. Coward
Alain F. Plante
Much of the uncertainty in the biogeochemical behavior of soil carbon (C) in humid
tropical ecosystems derives from an incomplete understanding of soil C stabilization
processes. Long-term soil C stability is traditionally attributed to organomineral interactions,
however, the 2:1 phyllosilicate clays often associated with temperate organomineral
complexation are largely absent in humid tropical soils due to extensive weathering. In
contrast, these soils contain a spectrum of iron- and aluminum-bearing minerals, exhibiting a
broad range of crystallinity, surface area and surface charge, and susceptible to frequent
reduction-oxidation (redox) oscillations. This dissertation investigates the composition,
distribution, and function of iron-mediated organomineral associations across a range of
spatial scales within the Luquillo Critical Zone Observatory (LCZO). Underlain by
contrasting lithologies, the LCZO is characterized by highly-weathered, volcaniclastic
Oxisols or quartz diorite-derived Inceptisols, producing an experimental gradient of iron
content and speciation. To characterize the interactions between inherently heterogeneous
soil C and often amorphous mineralogy, this dissertation paired high-resolution analytical
techniques and inorganic selective dissolution experiments. We found low-crystallinity,
short-range-order (SRO) iron and crystalline iron phases exert control on distinct reservoirs
of soil C across both soil types. Notably, organomineral associations were responsible for
accumulation of a subset of soil C, rather than driving trends in total soil C. Examination of
solid-phase speciation across soil types revealed evidence for unique mineral matrix
architecture in each soil. SRO FeIII-oxhydroxide phases in Oxisol soils were also found to be
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resistant to laboratory reduction events, suggesting that these phases are immune to redoxinduced dissolution and may provide a long-term C stabilization mechanism. Investigation of
iron-associated C at the molecular scale revealed preferential complexation of distinct C
compounds has occurred at mineral interfaces of varying crystallinity and reactivity,
suggesting that the array of association mechanisms described may be fractionating soil C.
This work demonstrates that iron-mediated organomineral association serves as a reactive
filter for soil C across spatial and temporal scales, which may impact both the quantity and
identity of C cycling through the critical zone.
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CHAPTER ONE: Introduction

Tropical soils are a critical component of the global carbon (C) cycle, yet research in
tropical systems is historically scarce. Estimates are that the tropics store 30% of global
C, 10% of global soil C and are sensitive to even small changes in climate (Jobbágy and
Jackson, 2000). Much of this C is present as soil organic matter (SOM), a heterogeneous
material composed of plant and microbial residues, labile and persistent organics
(Stevenson, 1994). SOM is the largest terrestrial pool of C on a global scale, containing
an estimated 2,300 Pg C within the top three meters, compared with 550 Pg C in plant
biomass (Field and Raupach, 2004) and is nearly three times the amount of C present in
the atmosphere (805 Pg at 380 ppm CO2) (Houghton, 2005). Additionally, the fluxes of C
between the land and atmosphere (principally net primary production and heterotropic
decomposition of SOM) are each approximately 60 Pg C annually, dwarfing the 9-10 Pg
C released as fossil fuel emissions per year (Plante and Conant, 2014). As such, even
small variations in the fluxes or pool of soil organic C may have a significant impact on
the concentration of CO2 in the atmosphere.
Despite substantial contributions to the global C cycle, uncertainty in the biogeochemical
behavior of soil organic matter (SOM) in tropical ecosystems remains. Within the last
decade, our understanding of soil organic matter residence has undergone a drastic
paradigm shift - that organic matter persists not exclusively because of the intrinsic
chemical properties of the organic matter itself, but due to physicochemical and
biological influences from the surrounding environment that reduce the probability of
decomposition (Schmidt et al., 2011). Recent work has demonstrated that innate
recalcitrance, or the notion that molecular structure alone can create stable organic
1

matter, contribute only marginally to organic matter cycling. Instead, the new paradigm
proposes that complex interactions between organic matter and its environment, such as
the interdependence of compound chemistry, reactive mineral surfaces, climate, water
availability, soil acidity, soil oxidation-reduction (redox) state and the presence of
potential degraders in the immediate microenvironment, that lead to persistence (Kaiser
and Guggenberger, 2003b; Lal et al., 2012; Sollins et al., 1996). Thus, describing organic
matter by decay rate, pool, or level of ‘recalcitrance’ has declined in favor of studies
which aim to quantify the mechanistic properties governing stabilization, such as
solubility, molecular composition and functionality (Schmidt et al., 2011).
The high temperatures and annual precipitation rates characteristic of humid tropical
forest systems drive rapid mineralization rates and low concentrations of surface organic
matter compared with temperate soils. However, tropical soils often contain significant
reservoirs of C marked by unusually high mean residence times (Rumpel et al., 2004;
Trumbore, 2000). The hypothesis that persistent OM is stabilized by complexation with
mineral phases has gained traction in recent years, as mineral-bound C has been observed
to have longer turnover times than bulk soil C and accounts for a large majority of total
soil organic C (40-80%) in temperate systems (Torn et al., 1997). SOM inputs may be
stabilized onto mineral surfaces through a variety of reactions such as ligand exchange,
cation bridging, H-bonding, and van der Waal forces, the prevalence of which depends on
the composition of the organic inputs, soil mineralogy, and climactic factors (Feng et al.,
2014).
Ligand exchange between simple coordinated OH groups on mineral surfaces, carboxyl
groups and phenolic OH groups of OM is a particularly important mechanism for the
2

formation of organomineral associations, e.g. Fe–O–C bonds (Gu et al., 1994), via
reactive inorganic hydroxyls (OH groups of Fe, Al and Mn oxides and edge sites of
phyllosilicates) and organic carboxyl and phenolic OH groups. Ligand exchange is often
considered the predominant mechanism of OM sorption in acidic tropical soils, which are
often rich in minerals with protonated hydroxyl groups (Shen, 1999). Cation exchange, in
which polyvalent cations neutralize both the charge on a negatively charged mineral
surface and an acidic functional group of SOM (e.g. COO-), can act as a bridge between
two charged sites. Hydrophobic interactions are driven by the repulsion of non-polar
moieties (e.g. aromatic or alkyl C) from water, forcing nonpolar groups together (Sparks
and Chen, 2013). Van der Waals forces can operate between atoms or non-polar
molecules due to a temporarily fluctuating dipole moment arising from a brief shift of
orbital electrons to one side of one atom or molecule (Von Lützow et al., 2006). In
addition, SOM can become mineral associated through hydrogen bonding, which occurs
between a hydrogen atom and partially negatively-charged O or N (Von Lützow et al.,
2006).
While a diversity of functional mineral surface sites for OM complexation can be
distinguished, the 2:1 phyllosilicates commonly involved in organomineral complexation
in temperate systems are often lacking in humid tropical soils due to extensive
weathering (Kaiser and Guggenberger, 2003b). These soils instead often contain high
concentrations of iron (Fe)-bearing mineral phases, including high-surface area, shortrange order (SRO) phases and monomeric Fe species (Basile-Doelsch et al., 2005; MarinSpiotta et al., 2008; Mikutta et al., 2009b; Wagai and Mayer, 2007a), which may
contribute to organomineral complexation in tropical systems. Fe-bearing oxides,
3

hydroxides, and oxy(hydr)oxides have been found to be among the most effective
sorbents for dissolved organic matter (DOM) moving through soil profiles (Kaiser and
Guggenberger, 2003a; Kaiser and Kalbitz, 2012; Lalonde et al., 2012), largely due to
high specific surface area (SSA) of SRO mineral surfaces (Boudot et al., 1989; Higashi,
1983). The presence and speciation of Fe-bearing mineral phases may ultimately define
the capacity of tropical soils to stabilize SOM and induce preferential stabilization
organic matter that is distinct from unassociated C or that is associated with the bulk
mineral matrix.
Fe mineral composition, however, is not fixed, but rather evolves dynamically in
response to environmental conditions that drive precipitation and reductive dissolution of
Fe phases (Thompson et al., 2011). Oscillations in oxidation-reduction (redox) state due
to the copious precipitation, warm temperatures, finely-textured mineral matrices, and
high soil respiration rates of tropical soils drive oxygen (O2) availability over scales of
hours to weeks (Cleveland et al., 2010; Liptzin et al., 2011; Schuur et al., 2001; Silver et
al., 1999). The oxidized form of iron, FeIII, is reduced under saturated, low oxygen, low
pH conditions, or by microbial reduction utilizing FeIII as an electron acceptor during
metabolism. Under oxygenated conditions, FeII may be oxidized to FeIII, and FeIII
precipitates as FeIII (hydr)oxides in near-neutral pH environments. Redox oscillations
may accelerate weathering of the substantial Fe-bearing mineral phases present in
tropical soils, producing a spectrum of crystal size and bonding environments (solidphase speciation) (Ginn et al., 2017). Understanding the governance of Fe solid-phase
speciation on organomineral associations may prove critical to predicting the response of
tropical soils to changes in global climate and land use (Post and Kwon, 2000a).
4

Characterizing Fe-SOM chemistry is a procedurally challenging enterprise. Probing
molecular dynamics between inherently heterogeneous organic material and often nanoparticle dominated mineral composition presses the limits of current analytical
techniques. This dissertation presents novel contributions to both mechanistic and
methodological hypotheses, utilizing a set of rigorous selective dissolution experiments
followed by nanoscale characterization using cutting-edge, high-resolution analytics to
probe SOM-mineral associations at the Luquillo Critical Zone Observatory (LCZO), an
NSF-sponsored research platform in Puerto Rico. Cretaceous-age sedimentary
volcaniclastic rocks and a younger quartz-dioritic pluton comprise the two major
lithologies at the LCZO, differing drastically in their mineralogy (Porder et al., 2015;
Stallard, 2011; White et al., 1998) and chemistry (Mage and Porder, 2013; Porder et al.,
2015). These two parent materials have weathered to form two distinct major soil types,
Oxisols and Inceptisols, providing a spectrum of Fe-bearing minerals within a deep
weathering gradient from regolith to surface.
Set within the experimental framework of the LCZO, this dissertation uses highresolution analytical techniques to characterize the chemical associations between Fe and
organic ligands, which may be responsible for stabilizing C over the lengthy timescales
observed in tropical ecosystems. Broadly, it seeks to address fundamental, mechanistic
questions about a significant but under-studied C pool extremely susceptible to a rapidly
changing climate. Each of the following chapters builds upon the one prior, successively
focusing in scope and resolution, to develop a working understanding of Fe-C
interactions from landscape scale to the mineral interface.

5

Chapter 2 employs a novel suite of inorganic selective extractants to isolate Fe and Feassociated C from three distinct operational fractions: short-range-order (SRO) Fe, morecrystalline pedogenic Fe, and dispersable or chelated Fe, with the goal of characterizing
organomineral relationships in surface and subsurface Oxisol and Inceptisol soils of the
LCZO. Although the high concentrations of extractable short-range-order (SRO) and
crystalline Fe detected were associated with a small proportion of total soil C, strong
correlations with co-extracted C, across soil type and depth, suggest the abundance of
these mineral phases is driving the accumulation of a distinct C pool in these soils.
Chapter 3 investigates Fe solid-phase speciation in Oxisol and Inceptisol surface soils,
with the aim of parameterizing the C stabilization capacity of each mineral matrix.
57

Mössbauer spectroscopy, SSA analysis and XRD were collectively used to characterize

the continuum of Fe mineral phases present in highly-weathered soils. We present strong
evidence for the unexpected persistence of SRO Oxisol Fe phases during laboratory
reduction events, and for contrasting soil architecture between Oxisol and Inceptisol
soils, which may drive disparate biogeochemical behavior of soil C across the LCZO.
Chapter 4 is a high-resolution chemical analysis of solubilized Fe-associated OM and
molecular fractionation of dissolved OM by Oxisol Fe phases of varying abundance and
crystallinity. Characterization of the chemical composition and complexity of (i) DOM
co-solubilized with extracted Fe phases, and (ii) OM adsorbed to a spectrum of Fedepleted and -enriched sorbent matrices reveal molecular fractionation of soil C by Fe
crystallinity and content, both at the compound level, and more broadly across levels of
oxygenation and saturation. These findings suggest that Fe mineralogy is a strong control
on the concentrations and chemical quality of mineral-associated C in Oxisol soils.
6

2

CHAPTER TWO: Iron-mediated mineralogical control of organic matter
accumulation in tropical soils

Submitted for publication as:
E. K. Coward, A. Thompson, and A. F. Plante (2017), Iron-mediated mineralogical
control of organic matter accumulation in tropical soils. Geoderma, In revision.

Abstract:
Tropical forest soils contribute disproportionately to the poorly-characterized and
persistent deep soil carbon (C) pool. These soils, highly-weathered and often extending
one to two meters in depth, may contain an abundance of iron- (Fe) bearing mineral
phases. Short-range-order (SRO) minerals are of particular interest due to their high
reactive surface areas and capacity for soil C stabilization through sorption or coprecipitation. We hypothesized that SRO minerals might serve as primary contributors to
soil C accumulation and storage in surface (0-20 cm) and subsurface (50-80 cm) soils of
the Luquillo Critical Zone Observatory (LCZO) in northeast Puerto Rico. Oxisol and
Inceptisol soils obtained from 20 quantitative soil pits, stratified across quartz-dominated
granodiorite and clay-rich volcaniclastic parent materials, were subjected to selective
dissolution procedures to extract Fe-C associations: sodium pyrophosphate (PP) to isolate
colloidal or dispersable Fe, HCl-hydroxylamine (HH) and ammonium oxalate (AO) to
isolate SRO Fe, and inorganic dithionite-HCl (DH) to isolate more crystalline pedogenic
Fe. Colloidal or dispersable Fe was most strongly associated with the greatest C
concentrations across all samples. Molar C:Fe ratios >1 observed solely in this fraction
were indicative of organic-rich non-sorptive associations, the stability of which may have
stronger control on accumulation of total soil C in these soils than those of SRO and
pedogenic Fe. Pedogenic and SRO Fe phases were the dominant extractable minerals in
both soil types, at surface and at depth, and notably, correlated well with extracted C,
suggesting these phases are strongly associated with a smaller, but substantial, fraction of
total soil C. Direct observations of the limited extractability of soil C (< 50% in surface
soils) during selective dissolution of Fe and the lack of correlations between extractable
Fe minerals and total soil C concentrations did not support the common theory that SRO
mineral phases provide a dominant mechanism for soil C accumulation. Instead, SRO
phases may control only a fraction of total soil C, and non-extractable Fe-bearing
minerals and non-sorptive mechanisms may play more important roles than previously
thought.

7

2.1 Introduction
Identifying the mechanisms underlying the accumulation and distribution of soil organic
matter (SOM) in tropical forest systems is of particular ecological importance given their
significant soil carbon (C) stock (~500 Pg), model decomposition conditions and
vulnerability to global climate change (Jobbágy and Jackson, 2000; Malhi and Grace,
2000; Parton et al., 2007). Although interest in SOM stability, particularly mineralmediated chemical stabilization, has increased considerably in recent years (Schmidt et
al., 2011), relatively few studies have explicitly investigated C stability in tropical
systems (Wieder et al., 2013; Wood et al., 2012). Additionally, most studies of tropical
soil C cycling have focused on near-surface mineral horizons (< 30 cm), despite the
extension of tropical soil horizons several meters in depth (Marin-Spiotta et al., 2011;
Trumbore, 2000; Veldkamp et al., 2003). An improved understanding of the drivers of
SOM accumulation with soil depth in tropical systems is critical to predicting the
response of these soils to changes in land use and global climate (Del Galdo et al., 2003;
Fontaine et al., 2007; John et al., 2005; Lorenz and Lal, 2005; Post and Kwon, 2000a).
Highly weathered, tropical soils lack the 2:1 phyllosilicate clay-dominated mineral
matrices traditionally associated with SOM stabilization (Kaiser and Guggenberger,
2003a). Yet, these soils contain significant C stocks down their deep profiles, and are
thought to have high potential for long-term sequestration, as indicated by radiocarbon
ages (Rumpel et al., 2004; Trumbore, 2000). The mineral matrices of tropical soils often
contain high concentrations of iron (Fe)-bearing mineral phases, including short-range
order (SRO) soils and monomeric Fe species (Basile-Doelsch et al., 2005; Marin-Spiotta
et al., 2008; Mikutta et al., 2009b; Wagai and Mayer, 2007a) . These phases are capable
8

of binding organic ligands to form organo-mineral complexes via cation exchange, coprecipitation or surficial sorption (Boudot et al., 1989; Higashi, 1983). These Fe and Al
oxides, hydroxides, and oxy(hydr)oxides have been found to be among the most effective
sorbents for dissolved organic matter (DOM) moving through soil profiles (Kaiser and
Guggenberger, 2000; Kaiser et al., 1997; Kaiser and Kalbitz, 2012; Lalonde et al., 2012;
Ohno et al., 2014b; Riedel et al., 2013).
Accordingly, the abundance of SRO minerals is often inversely correlated with SOM
decomposition rates and directly correlated with soil C concentrations or stocks (Bruun et
al., 2010; Kleber et al., 2005; Kramer et al., 2012; Torn et al., 1997). Extensive
weathering in tropical soils results in the accumulation of SRO minerals, which may play
a particularly important role in their SOM stabilization capacity, associating with
available C preferentially relative to the dominant mineral matrix and driving some of the
longest residence times of SOM observed (Khomo et al., 2016; Trumbore, 2000). Acidic
tropical soils are often rich in minerals with an abundance of protonated hydroxyl groups
(OH groups of Fe, Al and Mn-oxides and edge sites of phyllosilicates) that can
participate in ligand exchange reactions with organic carboxyl and phenolic OH groups
(Shen, 1999). Soil organic matter rich in carboxyl and aromatic functional groups has
been observed to complex with Al and Fe oxides in subsoils (Eusterhues et al., 2005;
Kögel-Knabner et al., 2008).
Investigating the contribution of SRO minerals to OM stabilization however, is inherently
challenging because these minerals are difficult to detect by traditional mineralogical
methods (i.e., x-ray diffraction analysis) and the traditional solvents used to selectively
dissolve SRO minerals are carbon-based, which makes it difficult to quantifying
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associated soil organic C (Wagai et al., 2013b; Wagai and Mayer, 2007a). Several
alternative approaches to circumvent this problem have been implemented successfully,
such as analyzing dissolved N as a DOC proxy (Wagai et al., 2013b), but these
techniques remain indirect analyses of Fe-C complexes. Using an exclusively inorganic
procedure allows for the best assessment of in situ Fe-C associations via selective
extractions. To provide direct analysis of co-mobilized C, three inorganic extractants
were used to extract Fe phases of varying crystallinity, in addition to two commonly-used
organic extractants for comparison. Sodium pyrophosphate has been widely used to
estimate the amount of Fe associated with SOM (Loveland and Digby, 1984), but has
also been found to promote peptization and dispersion of Fe oxide colloids (Kaiser and
Zech, 1996; Schuppli et al., 1983). Thus, this extractant was used to target SOM-chelated
and dispersable Fe. HCl-hydroxylamine, and the organic alternative ammonium oxalate,
were used to quantify SRO Fe phases. An inorganic dithionite-HCl solution, and the
conventional dithionite-citrate-buffer solution, were used to target more crystalline Fe
phases derived from pedogenesis.
This work aims to assess the contribution of Fe-bearing phases to soil C stabilization in
surface and subsurface tropical soils. We hypothesize that SRO minerals are the primary
contributors to SOM stabilization and storage in the LCZO soils. This hypothesis would
be supported by observations of strong correlations between extractable metals and both
DOC and total soil C content in surface soils. We are less confident that similar
relationships will hold in subsurface soils due to low total C concentrations, and due to
other possible mechanisms for SOM stabilization (Rumpel and Kögel-Knabner, 2011).
We tested our hypothesis using a novel suite of inorganic selective extraction solvents to
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dissolve Fe- and Al-containing mineral phases and associated DOC. The experiments
were conducted on two contrasting tropical soils from the Luquillo Critical Zone
Observatory (LCZO). The LCZO provides an ideal study site for inquiries into organomineral complexes as the highly-productive tropical montane forest is underlain by two
contrasting lithologies, producing SOM-rich soils with a gradient of SRO minerals.

2.2 Materials and Methods
2.2.1

Study site and soil samples

The samples used in this study were selected from an extensive sampling campaign
completed in 2010 (Johnson et al., 2015). Across the tropical montane forests of the
LCZO, 216 quantitative soil pits were dug, transecting gradients in rainfall, temperature,
topography (ridges, slopes, and valleys), and the two primary parent materials (quartz
diorite and sedimentary rocks of volcanic origin) in a complete factorial design. The two
parent materials differ drastically in their mineralogy (Porder et al., 2015; Stallard, 2011;
White et al., 1998) and chemistry (Mage and Porder, 2013; Porder et al., 2015). The
volcaniclastic rocks comprise the Fajardo, Tabonuco and Hato Puerco formations and
contain volcanic sands, breccias, tuff, conglomerates, and calcareous limestone that
accumulated on the sea floor and underwent greenschist-grade metamorphism in the
Eocene (Porder et al., 2015). The mineral matrix is dominated by plagioclase,
clinopyroxene, and hornblende, chlorite and hydrothermally-generated quartz (Murphy et
al., 1998; Murphy et al., 2012). Volcaniclastic rocks range between 47–55% SiO2, 5–10%
CaO, 4–7% MgO and 0.5–1.5% K2O (Buss et al., 2013). The quartz diorite of the Rio
Blanco stock is medium and coarse grained and more compositionally homogeneous,
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containing quartz, plagioclase, amphibole, biotite, orthoclase minerals (Ferrier et al.,
2010; Murphy et al., 2012; White et al., 1998).
For the present study, a set of 20 surface (0-20 cm) and 20 subsurface (50-80 cm) soil
samples was chosen, stratified evenly among the two soil types observed at the LCZO.
These soils are 0.5–1.5 m thick, underlain by saprolite that ranges in thickness from ∼2 m
on steep hillslopes to up to 23 m on ridgetops (Buss et al., 2010a). Soils from the
volcaniclastic parent material are fine textured, Fe- and Al-oxide rich, highly weathered
Hapludoxes of the Zarzal and Cristal series containing <10% weatherable minerals (Soil
Survey Staff). Soils from the quartz diorite parent material are coarse-textured, sandy
Dystrudepts of the Picacho and Utuado series containing up to 40% primary minerals in
surface soils (Soil Survey Staff). The two soil types were chosen to encompass a range of
SRO concentrations, and constrained by other sampling parameters, such as elevation
(488 - 612 m) and catena position (valley), to isolate the effects of SRO mineralogy on
organo-mineral complexes. Samples were archived air-dried and sieved to <2 mm.

2.2.2

Selective dissolution experiments

Surface and subsurface soil samples were subjected to several chemical extractions to
selectively dissolve secondary weathering phases (Table 2.1). In each case, 0.5 g of soil
was weighed into a 50 mL centrifuge tube with 30 mL of extractant. Samples were
shaken for ~16 h, then centrifuged at room temperature for 120 min at 5,300 × g. After
centrifugation, the supernatant was decanted and syringe-filtered through a 0.2 µm nylon
membrane filter (Whatman, GD/X, 25 mm diameter) into 50 mL sample tubes. Each
extraction was performed in duplicate for each soil, and the results retained for each as
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pseudo-replicates. Additional solvent-specific experimental parameters are detailed
below.
2.2.2.1

Dithionite (DH and DCB)

An inorganic dithionite extraction using 57.4 mM sodium dithionite for 16 h, followed by
a 1N HCl rinse (DH), initially developed by Wagai et al. (2007; 2011) was used to extract
solid Fe and Al oxides, hydroxides, and oxyhydroxides derived largely from pedogenesis.
This C-free alternative to the conventional dithionite-citrate-buffer (DCB) extraction
(Mehra and Jackson, 1960) allowed direct quantification of dissolved organic C (DOC) in
the extracted phase. Samples were first extracted with the dithionite solvent, centrifuged
and decanted, then rinsed with the HCl and centrifuged again. Supernatants from both
extractions were combined and analyzed for DOC and metal concentrations. Surface (020 cm) samples were also subjected to the conventional DCB extraction and extractable
Fe values were compared to those obtained by DH extraction for reference.
2.2.2.2

HCl-Hydroxylamine (HH)

Acidified hydroxylamine (0.25 M NH2OH•0.25N HCl), has been shown to extract SRO
Fe oxides, with minor dissolution of crystalline iron oxides in reference samples
consisting of soil, sediment, and weathered rock (Chao and Zhou, 1983). Reported results
are typically in close accordance with those obtained from the classic ammonium oxalate
extraction used routinely to extract SRO minerals (Tamm, 1922) and thus HH has been
proposed as an inorganic solvent capable of dissolving similar Fe phases (Chao and
Zhou, 1983).
2.2.2.3

Ammonium Oxalate (AO)
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Ammonium oxalate (C2H8N2O4) extraction using 0.2 M ammonium oxalate/oxalic acid at
pH 3 (Tamm, 1922) dissolves poorly-crystalline or SRO minerals and is often used to
characterize volcanic and podzolic soils (Parfitt and Childs, 1988). Dissolution is
achieved by the formation of oxalate complexes of Fe and Al (Borggaard, 1992). We
followed the common procedure (Loeppert and Inskeep, 1996), with the following
parameters: samples were extracted with a 4:3 ammonium oxalate:oxalic acid solution
and shaken for 16 h in the dark prior to further analysis. This extractant contains organic
C, complicating quantification of extractable soil organic C despite rigorous blank
extractions and subtractions. Quantifying DOC in AO extracts proved unreliable and thus
data are not reported.
2.2.2.4

Sodium Pyrophosphate (PP)

Sodium pyrophosphate (Na4P2O7) binds strongly with Fe and Al ions, and extraction
using 0.1 M of this reagent at pH 10 has been widely used to estimate the amount of Fe
and Al associated with SOM (Loveland and Digby, 1984). Aluminum dissolved by PP
extraction is generally interpreted as deriving from organo-Al complexes (Higashi, 1983)
with minimal dissolution of allophane/imogolite (Farmer et al., 1983; Parfitt and Childs,
1988). However, the source of Fe and Al phases, and the associated OM, is difficult to
specify as sodium pyrophosphate dissolves Fe and Al from organic complexes and
promotes peptization and dispersion of Fe oxide colloids (Kaiser and Zech, 1996;
Schuppli et al., 1983).

2.2.3

Total acid digestions

Microwave-assisted concentrated acid digestions were completed on all samples using
EPA method 3052 (U.S. Environmental Protection Agency, 1996) with the following
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parameters: a representative aliquot of 0.5 g soil was digested using 9 mL concentrated
nitric acid, 3 mL of concentrated hydrofluoric acid and 2 mL of concentrated
hydrochloric acid. Samples were diluted 1:100 in DI water prior to spectrometric analysis
for Fe and Al via ICP-OES. Extracted Fe concentrations were normalized to total
digested Fe concentrations, and this proportion is expressed as soilFe.

2.2.4

Post-extraction analyses

Extract supernatants were immediately stored in the dark at 4 °C after extraction for up to
one week prior to metals analysis. Concentrations of dissolved Fe and Al in the filtered
solutions were measured in three analytical replicates by inductively coupled plasma
optical emission spectrometry (ICP-OES) (Genesis ICP-OES, Spectro Analytical
Instruments GmbH, Kleve, Germany) for each of the two pseudo-replicate extracts per
soil sample. Analytical triplicates were subsequently averaged to provide composite
measurements. Absorption wavelengths were selected for Fe at 259.940 and 238.20 nm,
and Al at 396.152 nm. Representative aliquots of extracts and solvent blanks were also
frozen at -20 °C prior to TOC analysis. TOC concentrations were measured using a
Shimadzu TOC-V/TN instrument (Shimadzu Corp., Kyoto, Japan).
Centrifuged residue pellet samples were freeze-dried overnight and lightly ground
manually in preparation for solid-phase analyses of C and N. Total C and total N
concentrations of soils before and after extraction were determined by dry combustion
analysis using a Costech ECS4010 Elemental Analyzer (Costech Analytical, Valencia,
California). Analyses were performed in duplicate, and the results were averaged. Given
the low pH of the soils, total C concentrations were equated to organic C (OC)
concentrations. Extracted DOC concentrations were normalized to total soil C
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concentrations, and this proportion is expressed as soilDOC. Combination of pre-extraction
(total) SOC, post-extraction residual SOC, and solubilized DOC data allows for the
determination of a C mass balance for the extraction procedure, where the latter two
values are expressed as a proportion of the first, summed, and compared to an idealized
total fraction of 1.0. The mass balances provide an index of OC extractability and the
methodological efficacy of the extraction procedures.

2.2.5

Data analyses

Statistical analyses were completed on 20 surface and 20 subsurface samples in duplicate,
resulting in n=80 experimental replicates for each extraction type and subsequent
analyses. These replicates were treated as individual unknowns for statistical analyses,
which were completed using SPSS 23.0 (Chicago, IL) and SigmaPlot 12.5 (SyStat
Software Inc., Germany). P values were derived from one-way analysis of variance
(ANOVA) tests, unless otherwise specified. One-way ANOVAs were performed
separately on three factors: soil type, depth and extractant, and were followed by post-hoc
pairwise comparisons using Tukey tests to compare means among extractants when the
main effect was significant.

2.3
2.3.1

Results
Extractable Fe

Fe dissolution by the four primary extractions reflected differences in the solubility of
metal phases in these extractants, and differed strongly across soil types and depth
(Figure 2.1). While Al concentrations were also measured in each extract, these data are
not reported as many values fell below detection limits, indicating these soils did not
contain appreciable amounts of extractable Al-containing minerals.
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Across the two soil types and soil depths, the four extractants solubilized different
concentrations of Fe, in the order FeDH ≥ FeHH > FePP ≥ FeAO (where statistically nonsignificant (p > 0.05) post-hoc pairwise comparisons of means are denoted by ≥).
Extractable Fe was consistently greatest in the strong reductant DH (FeDH, 16.5 ± 18 mg
g-1), which extracts largely pedogenic Fe, across all samples. When normalized using
acid-digestible Fe to determine extraction efficiencies, DH-extractable Fe (soilFeDH) was
found to be 0.33 ± 0.38 of total Fe. Pairwise comparison of the Fe concentrations
extracted by DH and the conventional DCB were not statistically different (p = 0.621;
paired t-test, data not shown). Surface soils contained significantly greater concentrations
of FeDH (27.0 ± 21 mg g-1) than subsurface soils (5.81 ± 3.3 mg g-1) (p < 0.001).
Measurements of soilFeDH in surface soils revealed larger average extraction yields of 0.47
± 0.31, compared to 0.09 ± 0.08 in subsurface soils. Across soil depths, Fe concentrations
extracted by DH were significant greater in Oxisol samples (26.3 ± 21 mg g-1) compared
to Inceptisol samples (6.72 ± 6.5 mg g-1) (p < 0.001). These differences were also
reflected in proportionally more soilFeDH from Oxisols (0.33 ± 0.33) than from Inceptisols
(0.21 ± 0.24), although these results were not statistically significant (p = 0.055).
The typical extractant used to quantify SRO Fe minerals is AO, but as the solvent
contains organic C, we compared it to the C-free HH solvent presumed to extract similar
amounts of SRO Fe minerals (Chao and Zhou, 1983). Across the two soil types and soil
depths, the two extractants solubilized intermediate concentrations of Fe, but FeAO
concentrations (3.82 ± 3.8 mg g-1) were significant less than FeHH (13.9 ± 14 mg g-1) (p <
0.001; paired t-test). Surface soils contained greater concentrations of both FeHH (20.0 ±
16 mg g-1) and FeAO (6.49 ± 3.63 mg g-1) than their subsurface counterparts (FeHH = 7.78
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± 8.5 mg g-1, FeAO = 1.03 ± 0.85 mg g-1) (p < 0.001). Similarly, larger proportions of
soil

FeHH (0.382 ± 0.29) and soilFeAO (0.15 ± 0.10) were observed in surface soils than those

observed at depth (soilFeHH = 0.04 ± 0.05, soilFeAO = 0.01 ± 0.03) (p < 0.001). Across soil
depths, greater concentrations of FeHH were observed in Oxisol soils (25.3 ± 19 mg g-1)
compared to Inceptisol soils (2.85 ± 2.5 mg g-1) (p < 0.001). This trend was also observed
for FeAO concentrations, though the difference in concentrations between Oxisol (5.11 ±
4.5 mg g-1) and Inceptisol (2.42 ± 2.3 mg g-1) soils was smaller than those observed in
FeHH (p < 0.001).
The ratio of FeAO:FeDH is often used to determine the degree of crystallinity of Fe phases
in soils (Fine and Singer, 1989; McKeague and Day, 1966; Torn et al., 1997). Across the
two depths, calculated ratios suggest that the highly weathered Oxisols were generally
dominated by more crystalline Fe oxides (FeAO:FeDH = 0.22), while the Inceptisols
contain a greater concentration of weathered, SRO Fe phases (FeAO:FeDH = 0.57).
Concentrations of FePP were among the lowest observed (5.00 ± 5.3 mg g-1) for all soil
types and depths combined (Figure 2.1A and 2.1B), and represented low proportions of
total Fe (soilFePP = 0.103 ± 0.10). Across both soil types, surface soil concentration of FePP
(5.62 ± 3.3 mg g-1) did not differ significantly from those at depth (4.44 ± 6.9 mg g-1) (p
= 0.301). However, proportions of soilFePP in surface soils (0.143 ± 0.12) were
significantly greater than those observed at depth (0.05 ± 0.06) (p < 0.001). Across soil
depths, FePP concentrations in Oxisol (5.35 ± 3.7 mg g-1) and Inceptisol (4.64 ± 6.5 mg g1

) soils did not differ (p = 0.548), the only extractant to solubilize comparable Fe

concentrations in both soil types. These similarities were also reflected in proportions of
extractable Fe (soilFePP) in Oxisols (0.10 ± 0.10) and Inceptisols (0.08 ± 0.08) (p = 0.151).
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Total extractable Fe differed significantly with depth (Figure 2.1A versus 2.1B, and
Figure 2.1C versus 2.1D) and soil type (Figure 2.1, open versus closed symbols). Across
the four extractants and two soil types, surface soils contained significantly greater
concentrations of extractable Fe (14.9 ± 16.3 mg g-1) compared to subsurface soils (4.74
± 6.11 mg g-1) (p < 0.001; Figure 2.1A, 2.1B). When expressed as a proportion of total
Fe, 0.31 ± 0.18 of soilFe was solubilized from surface samples, while 0.40 ± 0.33 of soilFe
was solubilized from subsurface samples (p <0.001; Figure 2.1C, 2.1D). The range in
proportions extracted was much smaller in the subsoil samples compared to the surface
soil samples. However, the proportional data was highly variable, ranging from 0.97 to
0.02 across all samples (Figure 2.1C and D), and six samples needed to be removed from
statistical analyses due to spurious values greater than 1. While Oxisols contained similar
concentrations of extractable Fe (4.91 ± 6.45 mg g-1) compared to Inceptisols (4.55 ±
5.78 mg g-1) (p = 0.714), proportionally, a significant difference in extractable Fe was
observed, as Oxisols contained more extractable Fe (0.18 ± 0.25) than did the Inceptisols
(0.13 ± 0.16) (p = 0.04). Comparisons between Oxisol and Inceptisol surface soils
revealed highly significant differences in Fe concentrations, as Oxisol surface soils
contained 24.3 ± 18 mg g-1, compared to 5.41 ± 5.0 mg g-1 in Inceptisol surface soils (p <
0.001).

2.3.2

Extractable C

Across the two soil types and soil depths, DOC concentrations differed among extractants
(p < 0.001), in the order DOCDH ≤ DOCHH < DOCPP (where statistically non-significant
(p > 0.05) post-hoc pairwise comparisons of means are denoted by ≤) (Figure 2.2). The
small concentration of DOC liberated by DH extraction (3.20 ± 1.6 mg g-1) represented
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0.191 ± 0.17 of total soil C (soilDOCDH). Across both soil types, surface soils contained
similar concentrations of DOCDH (3.36 ± 0.94 mg g-1) as those at depth (3.05 ± 2.1 mg g1

) (p = 0.391), though the proportions of soilDOCDH in surface soils (0.07 ± 0.05) were

significantly smaller than those observed at depth (0.310 ± 0.17) (p < 0.001). Across soil
depths, DOCDH concentrations were slightly greater in Oxisol soils (3.76 ± 1.7 mg g-1)
compared to Inceptisol soils (2.65 ± 1.2 mg g-1), though the difference was statistically
significant (p = 0.002).
Quantification of DOC in AO extracts is not possible because of the organic nature of
this solvent. The HH extraction of SRO-associated SOM solubilized low concentrations
of DOC (3.62 ± 2.3 mg g-1), representing 0.171 ± 0.16 of total C (soilDOCHH) in all
samples. Across both soil types, surface soils contained greater concentrations of DOCHH
(4.48 ± 2.5 mg g-1) than those at depth (2.61 ± 1.7 mg g-1) (p < 0.001). However, smaller
proportions of soilDOCHH (0.101 ± 0.040) were observed in surface soils than those
observed at depth (0.231 ± 0.20) (p < 0.001). Across all depths, DOCHH concentrations
were slightly greater in Oxisol soils (4.43 ± 2.82 mg g-1) compared to Inceptisol soils
(2.66 ± 1.08 mg g-1), though the difference was statistically significant (p < 0.001).
Across all samples, PP extraction of dispersable or organic-complexed mineral phases
solubilized substantially more DOC than other extractants (14.2 ± 6.6 mg g-1),
representing 0.44 ± 0.27 of total soil C (soilDOCPP). Across soil types, surface soils
contained similar concentrations of DOCPP (13.57 ± 5.31 mg g-1) than those at depth
(14.92 ± 7.67 mg g-1) (p = 0.369). However, smaller proportions of soilDOCPP (0.10 ±
0.01) were observed in surface soils than those observed at depth (0.32 ± 0.05) (p <
0.001). Across soil depths, PP extraction was unique in extracting smaller concentrations
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of DOC from Oxisol soils (12.5 ± 7.0 mg g-1) compared to Inceptisol (16.0 ± 5.7 mg g-1)
soils (p = 0.015). This observation was reflected in soilCPP between Oxisols (0.38 ± 0.28)
and Inceptisols (0.60 ± 0.46) (p = 0.011).
When data across extractants were combined, extractable C concentrations varied
significantly between soil types, but not depths. Extractable C concentrations were
significantly greater from Oxisol soils (9.43 ± 7.7 mg g-1) compared to Inceptisol soils
(6.41 ± 4.6 mg g-1) (p = 0.032) black symbols versus white symbols in Figure 2.2A,
2.2B). When normalized using total soil C to determine extraction efficiencies,
extractable C (soilDOC) represented from 0.01 up to 0.74 of initial soil C. However,
soil

DOC did not differ between Oxisol (0.20 ± 0.15) and Inceptisol (0.23 ± 0.17) samples

(p = 0.275; Figure 2.2C, 2.2D). Surface soils contained similar concentrations of
extractable C (6.49 ± 6.6 mg C g-1) compared to subsurface soils (7.47 ± 6.5 mg C g-1) (p
= 0.792). Conversely, a smaller proportion of soilDOC was extractable from surface soils
(0.159 ± 0.13) compared to deeper soils (0.334 ± 0.23) (p = 0.042). C mass balances of
residual and extracted C differed substantially between surface and subsurface samples
such that 0-20 cm soil samples clustered tightly around 1.00 ± 0.05 (i.e., complete
extraction of total C) and ranged from 0.41 to 1.78 (Figure 2.3A), while 60-80 cm soil
samples centered around 1.30 ± 0.30 and ranged more widely from 0.26 to 4.16 (Figure
2.3B). No substantial differences in mass balances were observed across soil extractants
or soil types.

2.4
2.4.1

Discussion
Quantification of extractable Fe and C
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Across all samples, extractable Fe concentrations were positively correlated with DOC
concentrations within each extraction (Figure 2.4) where samples releasing more Fe
generally released more C. However, extractants containing the highest average values of
dissolved Fe did not consistently correlate with highest DOC concentrations. Instead, DH
and HH extractions, which removed the most Fe in our samples, solubilized only a third
of the C extracted by PP. This relationship is consistent in both the surface (Figure4a) and
subsurface soils (Figure 2.4B). These observations fit within a larger framework of wideranging results on the role of Fe phases and SRO mineralogy in C accumulation across
temperate and tropical soils, with some studies reporting better correlation of indirect
(i.e., calculated by difference between pre- and post-extraction total soil C) and direct C
observations with the ubiquitous organic FeDCB than FeAO (Baldock et al., 2004; Baldock
and Skjemstad, 2000), while others (Percival et al., 2000; Wagai et al., 2013b) support
the inverse pattern, indicative of the variety of mechanisms and matrices involved in FeC associations observed in soil systems.
Our observation of significant dissolution of Fe by DH extraction, particularly from
Oxisol soils, is consistent with dissolution of secondary iron oxide and oxyhydroxide
phases (i.e., pedogenic Fe) as this reductant is not expected to solubilize primary-mineral
Fe (e.g., Fe in aluminosilicates). Thus, the residual soilFe (0.30-0.70), as a proportion of
the Fe measured in the total digests, is presumed to be primary mineral Fe. The small
proportion of DH-liberated C suggests pedogenic and highly-crystallized Fe oxide phases
contribute little to large-scale OM accumulation, as evidenced by the shallow, positive
slope observed in surface (Figure 2.4A) and subsurface (Figure 2.4B) soils. This
observed correlation of DOC and FeDH suggests that crystalline Fe phases are
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contributing a small but discernible accumulation effect on OM, despite being bound to
less OM than SRO Fe phases (FeAO, FeHH) or organo-metal complexes, dispersionliberated colloids and nanoparticles (FePP).
Fe-containing SRO minerals have been proposed to sorb high concentrations of C,
potentially disproportionate to their contribution to the bulk mineral matrix, due to high
reactivity and specific surface area. In this study, the association of C to these phases may
be observed from HH extractions, although DH solubilizes most SRO species as well
(Wagai and Mayer, 2007a). A substantial proportion of total soil C was solubilized in
soil

DOCHH (0.17 ± 0.16), which is either DOM unassociated with any mineral phase, or

SOM associated with SRO Fe phases of ferrihydrite (and allophane, though there is no
evidence for the presence of allophane in these soils) since HH does not extract
imogolite, layer silicates, or crystalline hydrous oxides (Kramer and Chadwick, 2016).
The proportion of HH-liberated C suggests a sizable contribution of SOM accumulation
is provided by SRO mineral phases, and that this accumulation may also represent SOM
stabilized over the long-term. While both AO (McKeague and Day, 1966; Schwertmann,
1973) and HH (Bogle and Nichol, 1981; Filipek and Theobald, 1981) have been utilized
for decades to access similar phases, we found differences in Fe dissolution between the
two extractions. While direct comparison of DOCHH and DOCAO is not possible here, the
significant differences found between FeHH and FeAO indicates that the Fe phases
extracted by AO differ from those solubilized in the HH matrix, which might also lead to
differences in extractable SOM.
Only sodium pyrophosphate acts principally as a strong chelating agent, and 0.1 M of this
reagent (16 h, pH 10) has been widely used to estimate the amount of Fe involved in
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organo-metal complexes in soil via alkali-induced OM dissolution (Loveland and Digby,
1984). Interpretation of PP values, however, is complicated by the alkali-induced release
of OM from non-metal associations and potential peptization of colloids (Wagai et al.,
2013b). In this study, PP solubilized the greatest concentrations of OC, particularly
compared to DOCHH, but the least Fe (Figure 2.1, 2.2). DOCPP represented 0.31 ± 0.12 of
soil

Csurface, and 0.59 ± 0.31 of soilCsubsurface, suggesting that dispersable or colloidal SOM is

the dominant form of C found in these soils. Positive correlation between FePP and
DOCPP (Figure4) organo-metal complexes as a possible driver for accumulation of
DOCPP.
The molar ratio of DOC to extracted Fe (C:Fe) was calculated for each sample to provide
an indication of the structure of organo-mineral associations present (Figure 2.5). Based
on the maximal sorption capacity of reactive iron oxides for natural organic matter, the
maximum molar ratio of C to Fe is 1.0 for the co-extracted species (Lalonde et al., 2012;
Wagai et al., 2013b; Wagai and Mayer, 2007a). Co-precipitation or chelation of organic
ligands generates low-density, organic-rich structures with higher (>1) C:Fe values
(Higashi, 1983; Wagai et al., 2013b). Our results suggest the presence of a mixture of
association mechanisms. The C:Fe values > 1 observed for PP fractions suggests the
liberation of low-density organic-dominated structures, while low C:Fe values of <1 for
HH and DH fractions indicate that surficial reactions dominate (Figure 2.5), although the
C:Fe ratios of the OM sorbed on FeDH were lower than those observed involving SRO Fe
phases and dispersable/chelated Fe (Kaiser and Zech, 1997; Tipping, 1981). Because
DOCHH and DOCDH only represent small fractions of total soil C, we suggest that simple
surface adsorption is a minor mechanism of total soil C accumulation in these soils.
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2.4.2

Soil type and depth-dependent processes

Differences in extractable Fe and C content and distribution between contrasting soil
types and depths reflect signatures of pedogenic and surface processes. Contrasting
composition and weathering of the bulk mineralogical matrix across soil types is reflected
in observations of higher Fe content in Oxisol soils in both horizons (Figure 2.1),
consistent with substantial clay content present in the Oxisol bulk mineral matrix. Soil
type effects on the distributions of extractable Fe are only apparent at depth, as deep
Oxisol Fe is largely SRO while chelated or colloidal Fe phases dominate Inceptisol
subsurface soils.
Uniformity in surface Fe distributions across Oxisol and Inceptisol soils may be a result
of redox oscillations, common in tropical soil systems and previously documented in
LCZO soils (Cleveland et al., 2010; Hall and Silver, 2013b; Hall and Silver, 2015;
Liptzin et al., 2011; Schuur et al., 2001; Silver et al., 1999). Reduced redox cycling at
depth due to the consistently high water table likely does not alter subsoil redox potential.
Substantial accumulation of FeHH and more crystalline FeDH in both Oxisol and Inceptisol
surface soils is consistent with observations by Thompson et al. (2006) and Vogelsang et
al. (2016).
As observed for extractable Fe concentrations, greater concentrations of extractable C are
observed at the surface, reflective of top-down OM inputs, but the effects of soil type and
depth on C accumulation are more complex. Surface extractable C concentrations are
significantly higher in Oxisol than Inceptisol soils (Figure 2.2A), presumably due to
higher Fe concentrations observed in Oxisol soils. However, a signature of soil typedependent factors is not generally observed in deep C. The low C concentrations
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observed overall at depth in both soils, presumed to be largely microbial in origin, may
be only occupying a small percentage of available mineral-provided surface area, thus
differences in Fe content between the two soils at depth may not prove important. A
larger proportion of C at depth was extractable, supporting the previously-observed
hypothesis that more C in subsurface horizons is mineral-bound (Hassink et al., 1997;
Mayer, 1994; Mayer and Xing, 2001) as compared to surface soils (Rumpel and KögelKnabner, 2011, 2015).

2.4.3

Limitations of extractable C

Selective dissolution techniques have long been the cornerstone of assessing Fe-OM
associations, providing a useful if recognizably coarse assessment of dissolvable species.
Yet many of the traditional extraction regimes rely on indirect measurements of both
metals and organic ligands, as overlapping extractable Fe pools force mineralogical
identification by difference (e.g., FeDH - FeOX). In addition, organic matrices force
extractable C calculations by solid-phase subtraction of post-extraction residues from preextraction soils (Mikutta et al., 2006; Spielvogel et al., 2008). The direct measurements of
DOC reported here detail a consistent observation that the C associated with extractable
Fe phases represents only a minor fraction of total soil C, regardless of extractant (Figure
2.3). While this fraction of total soil C may play a significant role in the residence time of
tropical SOM, our measurements provide substantial evidence that the extractable-Feassociated pool of C is substantially smaller than expected, a critical insight in light of
proposed dominance of Fe association as a stabilization mechanism.
Low OM recoveries have been reported previously as difference measurements, using
pre- and post-extraction residues after organic extraction (Leinweber et al., 1995; Oades
26

et al., 1987; Preston et al., 1994), directly by Wagai et al. (2013b) for DH, and indirectly
using dissolved N as a C proxy. While our inorganic extraction experiments allow for
direct assessment of C solubilized simultaneously with the selective dissolution of Fecontaining mineral phases, and the calculation of residual and extractable C mass
balances, the mechanism behind low extractable C yields remains unknown. We suggest
that there may be a host of factors at work, some native to the complex dynamics of
organo-mineral associations, and others a product of the extraction mechanisms
themselves, which is a subject that should be of great interest given the widespread usage
of selective dissolution techniques.
Wide variation in extraction recoveries and Fe-C correlations observed in surface soils
may be due to SOM protection via nanoscale aggregation (Chenu and Plante, 2006;
Tombácz et al., 2004), post-sorption aging (Cismasu et al., 2016; Kaiser et al., 2007),
saturation of the mineral surface loadings (Kaiser and Guggenberger, 2003a) and
armoring of organo-metal complexes (Boudot et al., 1989). Only partial dissolution of Fe
minerals was achieved by selective dissolution, and the observed high concentrations of
residual, non-extractable C indicate that Fe-C associations may not be the dominant
drivers of soil C accumulation. Fe accumulation in volcanic soils has been previously
proposed to the dominant mechanism driving OM stability in tropical surface systems
(Kleber et al., 2005; Lalonde et al., 2012; Mikutta and Mikutta, 2006), but the direct
measurements of co-solubilized C described here suggest otherwise because of the large
proportions of Fe and C that remain un-extracted. These unaffected pools suggest that
different types of mineral associations may play a more substantial role in C stabilization
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in the Luquillo soils, which is surprising given the low surface reactivity of the dominant
mineral matrices in these soils (i.e., kaolinite in the Oxisols and quartz in the Inceptisols).
Small C extraction yields may be due to an assembly of reactions preventing
solubilization, principally modulated by pH values. Dispersion of electrostatic
associations stabilizing colloidal polyelectrolytes (i.e., humic and fulvic acids) and
nanoparticles driven by high pH could increase DOC yields in PP selective dissolution
reactions, just as acidic pH drives the sorption of OM onto Fe nanoparticles (Tombácz et
al., 2004; Vindedahl et al., 2016). Thus, the acidic HH and DH selective dissolution
reactions, completed at pH values less than 4, could potentially yield lower DOC yields
than expected, as some of the OM released from these metal phases might have reprecipitated or re-adsorbed after dissolution (Wagai et al., 2013b). To test this, pilot-scale
sequential extractions of HH and DH followed by PP (pH = ~10) to fully recover
solubilized OM were completed on a representative subset of both soil orders (n=4),
yielding an increase of 144 ± 12.3 % and 447 ± 121 % compared to initial CPP,
respectively. This is preliminary evidence that SOM complexed by FeHH and FeDH is not
dissolved and potentially re-precipitated, suggesting measurements of Fe-associated C
from indirect difference measurements and direct DOC analyses alike are
underestimating C contributions in acidic extractants.
The large concentrations of Fe extracted from these two tropical soils was, regardless of
extractant, poorly correlated with total soil C (Figure 2.6). While linear regressions were
statistically significant (p < 0.05 for the slope), the amount of variability explained by the
regression was low: R2DH = 0.21, R2HH = 0.15, R2PP = 0.047, and R2AO = 0.34. This is in
contrast to previous observations in other soils from temperate systems, where soil OC
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content in surface horizons of major soil orders was well-correlated to DCB-extractable
Fe (Kaiser and Guggenberger, 2000; Schöning et al., 2005). In Alfisols and an Oxisol,
Shang and Tiessen (1998) found strong correlation between OC and FeAO. Others have
found total soil OC strongly associated with extractions targeting non-SRO phases, such
as FePP (Evans and Wilson, 1985), citrate/ascorbate-extractable Fe concentrations (Hall
and Silver, 2015) and HCl-extractable Fe (Hall and Silver, 2013b). The poor correlations
observed here, in combination with low C extractability, demonstrate that Fe association
may not be the dominant C accumulation method in our highly-weathered Oxisol and
Inceptisol soils, despite the abundance of SOM and reactive mineral phases present.
Instead, Fe-C associations, particularly the strong co-associations observed in FeDH-C and
FeHH-C, may be driving the accumulation of a smaller, but significant, pool of mineralbound C distinct from bulk SOM.

2.5

Conclusions

We found significant positive correlations between varying extractable Fe phases and
extractable C from surface and subsurface soils spanning contrasting lithologies. The
observed associations were most strongly influenced by extractable mineral composition,
although soil type and depth effects were also evident. We postulate that ecosystem
processes active in tropical soil systems (i.e., pedogenesis, redox oscillations) may serve
as critical drivers of Fe-C associations, but further mechanistic assessments are required.
Our data did not, however, support our hypothesis and the common theory that SRO
mineral phases explain C distributions in field soils, due to low C extractability and poor
correlation between extractable Fe and total soil C. The observed dominance of C
solubilized with pyrophosphate-extractable chelated and dispersable Fe in these tropical
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soils extends the conclusions of Wagai et al. (2011), and suggests that the accumulation
of C content, across depths, appears to be driven principally by these phases, rather than
SRO or pedogenic Fe. Extractable C concentrations are, however, strongly correlated
with co-extracted dithionite-extractable pedogenic Fe and hydroxylamine-extracted SRO
Fe phases, suggesting that these phases may be driving accumulation of C distinct from
that associated with chelated and dispersable Fe. The measurements of Fe-associated
DOC detailed here also provide direct evidence of the limited extractability of soil C,
particularly in surface horizons, as only at depth did these extractants dissolve more than
half of the total soil OM. This finding has significant importance for understanding Fe-C
associations, as correlations of extractable Fe and subsequent changes in soil C are often
utilized to support claims of C stabilization, rather than accumulation. Persistence of
residual C post-extraction highlights the potential significance of alternative stabilization
mechanisms not targeted by selective dissolution. Investigation of what remains - and
potential interactions between extractable and non-extractable fractions - may prove
critical to deciphering the observed long-term persistence of SOM in tropical soils.
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Dissolution
solvent

Solvent
molarity

Solvent
pH

Target phases

Dissolution
mechanism

0.05M, 0.05 N

3-4

Short-range-order (SRO) Fe(III)
oxides, crystalline Fe(III) oxides

Reduction

Dithionitecitrate

0.1M, 0.3M

7-8

SRO Fe(III) oxides, crystalline
Fe(III) oxides

Reduction

Ammonium
oxalate

0.2 M

3

SRO Fe(III) oxides, crystalline
Fe(III) oxides

Chelation

HClhydroxylamine

1.9 M in 0.25 N

<2

SRO Fe(III) oxides

Reduction

Sodium
pyrophosphate

0.1 M

~10

Colloidal or OM-chelated Fe

Dispersion,
chelation

Dithionite-HCl

Table 2.1 Extractable phases and conditions.
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Figure 2.1 Extractable iron from surface and subsurface soils, expressed in absolute and
proportional concentrations.
Oxisol (OXI, closed symbols) and Inceptisol (INC, open symbols) soil samples were
extracted using sodium pyrophosphate (PP, ●), acidified hydroxylamine (HH, ▲),
ammonium oxalate (AO, ■), dithionite-HCl (DH, ♦), and are ordered left-to-right in order
of increasing presumed crystallinity of the extractable Fe phase. Data from duplicate
extractions are shown with the treatment mean (red dashes).
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Figure 2.2 Extractable dissolved organic carbon from surface and subsurface soils,
expressed in absolute and relative concentrations.
Oxisol (OXI, closed symbols) and Inceptisol (INC, open symbols) soil samples were
extracted using sodium pyrophosphate (PP, ●), acidified hydroxylamine (HH, ▲),
dithionite-HCl (DH, ■), and are ordered left-to-right in order of increasing presumed
crystallinity of the extractable Fe phase. Data from duplicate extractions are shown with
the treatment mean (red dashes).
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Figure 2.3 Carbon mass balance of selective dissolution of surface and subsurface soils.
Unextractable, residue fraction represented by gray bars (left-side error bars), and
determined by pre- minus post-extraction solid phase concentrations. Extractable fraction
represented by the white bars (right-side error bars), and determined by dissolved organic
carbon concentrations in the extracts. Overall bar height represents total mass recovered,
and dashed gray line represents 100% recovery of initial soil carbon. Oxisol (OXI) and
Inceptisol (Wieder et al.) soil samples were extracted with sodium pyrophosphate (PP),
acidified hydroxylamine (HH), dithionite-HCl (Eusterhues et al.), and ordered left-toright in order of increasing presumed crystallinity of the extractable Fe phase.
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Figure 2.4 Relationships between extractable Fe and extractable dissolved organic
carbon from surface and subsurface soils.
Only inorganic extractants are displayed: sodium pyrophosphate (PP), acidified
hydroxylamine (HH), dithionite-HCl (Eusterhues et al.). Regression lines are shown, and
include all data with the exception of two outlier PP values from subsurface samples,
circled in red.

35

Figure 2.5 Extractable C:Fe molar ratios, calculated from surface and subsurface soils.
Oxisol (OXI) and Inceptisol (Wieder et al.) soil samples were extracted using sodium
pyrophosphate (PP), acidified hydroxylamine (HH), dithionite-HCl (Eusterhues et al.).
Boxes encompass the 25th to 75th percentiles, whiskers extend to the 10th and 90th
percentiles, black bars indicate the median, red bars indicate the mean, and black dots
denote outliers.
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Figure 2.6 Relationships between extractable Fe of all soils and total soil organic carbon.
Only the inorganic extractants (dithionite-HCl (DH), acidified hydroxylamine (HH),
sodium pyrophosphate (PP) and the organic ammonium oxalate (AO) are displayed.
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CHAPTER THREE: Contrasting Fe speciation in two tropical soils:
Insight into organomineral complexation in redox-active environments

A version of this manuscript is under review as:
E. K. Coward, A. Thompson, and A. F. Plante (2017), Contrasting Fe speciation in two
tropical soils: Insight into organomineral complexation in redox-active environments.
Geochimica et Cosmochemica Acta,

Abstract
While the importance of soil Fe content to C stabilization in surface soils is welldescribed, the contributions of Fe-bearing minerals of varying solid-phase speciation
remain uncertain. Fluctuations in redox state accelerate weathering of the substantial Febearing mineral phases present in forest soils from the humid tropics, producing a
spectrum of crystal size and bonding environments (solid-phase speciation) available for
C complexation. Characterization of the physicochemical structure of Fe-bearing phases
implicated in organomineral associations may inform the response of dynamic,
productive humid forest soils to changes in global climate and land use. Leveraging
inorganic selective dissolution techniques, 57Fe Mössbauer spectroscopy (MBS), specific
surface area (SSA) analyses and X-ray diffraction (XRD), we conducted an investigation
of mineral constituents in surface soils of contrasting lithologies from the Luquillo
Critical Zone Observatory (LCZO), Puerto Rico. The LCZO provides a model
investigatory framework in which high C inputs to surface horizons are underlain by
highly-weathered, volcaniclastic Oxisols or quartz diorite-derived Inceptisols, producing
a gradient of Fe content and speciation. Strong correlations of Fe and extraction-induced
changes in SSA indicated target Fe phases contribute substantially to SSA of the bulk
mineral matrix. MBS analysis of native soils indicate Fe in Oxisol soils is largely
composed of FeIII-oxyhydroxides of varying crystallinity, while Inceptisol Fe is a mixture
of oxyhydroxides and highly-amorphous FeIII phases. Notably, the abundant lowercrystallinity, short-range-order (SRO) FeIII-oxyhydroxide mineral phases of Oxisol soils
appear protected against reductive dissolution via physicochemical mechanisms, while
more crystalline phases, and FeIII-oxyhydroxides in Inceptisol soils, do not. These
findings suggesting that high-SSA SRO FeIII phases, capable of disproportionate C
complexation, may be immobilized against reduction, and represent a foundational unit
of Oxisol matrix structure. Consequently, C associated with these phases may be
preferentially stabilized in Oxisol soils, potentially driving disparate C mineralization and
CO2 production rates across contrasting lithologies.
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3.1 Introduction
Despite storing between one third and half of the total global C stocks as soil organic
matter (SOM) (Jobbágy and Jackson, 2000), humid tropical forest soils are dynamic
systems, with high temporal and spatial variability. These soils support the fastest rates of
decomposition globally, have the highest soil CO2 fluxes of any terrestrial biome (Raich
and Schlesinger, 1992), and are often characterized by fluctuating oxidation-reduction
(redox) dynamics that vary across the landscape. Copious precipitation, warm
temperatures, finely-textured mineral matrices, and high soil respiration rates drive
oxygen (O2) availability over scales of hours to weeks (Cleveland et al., 2010; Liptzin et
al., 2011; Schuur et al., 2001; Silver et al., 1999). Fluctuations in redox state accelerate
weathering of the substantial Fe-bearing mineral phases present in humid tropical soils,
producing a spectrum of crystal size and bonding environments (solid-phase speciation),
which may explain the range of C turnover times observed in tropical systems
(Trumbore, 2000).
Under consistent oxic conditions, the accumulation of secondary short-range-ordered
(SRO) minerals (e.g., ferrihydrite [5Fe2O3•9H2O; Fh] or nano-phase goethite [αFeO(OH); n-Gt]) is followed by slow transformation to crystalline Fe-oxides such as
hematite [α-Fe2O3] (Shoji et al., 1993); while under consistent anoxic conditions,
reductive dissolution of all of these phases can ensue (Bonneville et al., 2004). Shortrange crystal order (SRO) and small particle sizes distinguish the most reactive, highsurface area Fe components from larger bulk Fe-oxides (Bonneville et al., 2004; Roden,
2006). These SRO minerals are thus the most reactive phases for a range of processes
including chemical stabilization of OM (Deng and Stumm, 1994; Kögel-Knabner et al.,
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2008; Stumm, 1987) particle adhesion, and reductive dissolution (Lovley et al., 2004;
Sulzberger et al., 1989).
Covering soil mineral surfaces with OM can inhibit sorption of ionic compounds (Lang
and Kaupenjohann, 2003), enhance sorption of non-ionic compounds such as organic
contaminants (Murphy et al., 1990), inhibit mineral dissolution (Welch et al., 1999;
Welch and Vandevivere, 1994), and critically alter charge characteristics of soil surfaces
(Chorover et al., 2004). In addition, the manner in which OM associates with mineral
surfaces may influence OM stabilization in soils and sediments (Kaiser and
Guggenberger, 2003b; Mayer, 1994; Mayer et al., 2004). As such, understanding the
influence of Fe solid-phase speciation on organomineral associations may prove critical
to predicting the response of humid tropical forest soils to changes in global climate and
land use (Post and Kwon, 2000b).
Quantifying these nanoscale complexation processes is often challenging, in part because
Fe mineral composition is not fixed, but rather evolves dynamically in response to
environmental conditions that drive precipitation and reductive dissolution of Fe phases.
Fe-bearing mineral phases are typically assessed by selective chemical extractions,
infrared spectroscopy and electron microscopy because they are difficult to detect using
standard powder X-ray diffraction (XRD) techniques (Chorover et al., 1999; Mikutta et
al., 2009a). Here, we leverage a previously described set of inorganic selective
dissolution techniques (Coward et al., 2017, in press) and 57Fe Mössbauer spectroscopy
(MBS) at 295, 77 and 5 K to distinguish between crystalline and short-range-ordered Fe
oxides. MBS is capable of precise physical measurements of Fe nuclear energy levels,
which facilitates detection of Fe coordination. Paired with quantification of OM and OM40

mineral coverage, specific surface area (SSA) analyses and X-ray diffraction, this work
provides a simultaneous investigation of organic and mineral soil constituents.
We aim to assess the contribution of Fe-bearing mineralogy to OM complexation in
surface soils of contrasting lithologies from the Luquillo Critical Zone Observatory
(LCZO). To do so, we assess three physicochemical features of Fe-bearing phases:
mineral composition, specific surface area, and Fe solid-phase speciation, pre- and postselective dissolution, which together allow for a nanoscale assessment of oftenunresolvable minerals. The LCZO provides a model investigatory framework in which
consistently-high C inputs to surface horizons are underlain by highly-weathered,
volcaniclastic Oxisols or quartz diorite-derived Inceptisols, producing SOM-rich soils in
a constant climactic setting yet varying drastically in Fe content and mineralogy. We
postulate 1) the predominance of high-SSA, MBS-identified SRO phases in Oxisol soils
drive increased C concentrations observed in these soils relative to Inceptisols, 2) the
persistence of these SRO phases after reductive selective dissolution techniques may
explain low extractable OC concentrations previously observed by the authors and others
(Wagai and Mayer, 2007b), and 3) pairing nanoscale mineralogical analyses with
selective dissolution may provide insight into the complexation mechanisms governing
the previously observed persistence of SRO Fe, and subsequently mineral-associated C,
after selective dissolution.

3.2 Materials and Methods
3.2.1

Study site and sampling

Soil samples originated from an extensive sampling campaign completed in 2010
(Johnson et al., 2015), transecting gradients in rainfall, temperature, topography (ridges,
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slopes, and valleys), and two primary parent materials (quartz diorite and sedimentary
rocks of volcanic origin) in a complete factorial design. The two parent materials differ
drastically in their mineralogy (Porder et al., 2015; Stallard, 2011; White et al., 1998) and
chemistry (Mage and Porder, 2013; Porder et al., 2015). The volcaniclastic rocks
comprise the Fajardo, Tabonuco and Hato Puerco formations and contain volcanic sands,
breccias, tuff, conglomerates, and calcareous limestone that accumulated on the sea floor
and underwent greenschist-grade metamorphism in the Eocene (Porder et al., 2015). The
primary mineral matrix is dominated by plagioclase, clinopyroxene, and hornblende,
chlorite and hydrothermally-generated quartz (Murphy et al., 1998; Murphy et al., 2012).
Volcaniclastic rocks range between 47–55% SiO2, 5–10% CaO, 4–7% MgO and 0.5–
1.5% K2O (Buss et al., 2013). The quartz diorite of the Rio Blanco stock is medium and
coarse grained and more compositionally homogeneous, containing quartz, plagioclase,
amphibole, biotite, orthoclase minerals (Ferrier et al., 2010; Murphy et al., 2012; White et
al., 1998).
Soils in the LCZO are 0.5–1.5 m thick, underlain by saprolite that ranges in thickness
from ~2 m on steep hillslopes to up to 23 m on ridgetops (Buss et al., 2010b 1990). Soils
from the volcaniclastic parent material are fine textured, Fe- and Al-oxide rich, highly
weathered Hapludoxes of the Zarzal and Cristal series containing <10% weatherable
minerals (Stone et al., 2015). Soils from the quartz diorite parent material are coarsetextured, sandy Dystrudepts of the Picacho and Utuado series (Soil Survey Staff)
containing up to 40% primary minerals in surface soils ((Scatena, 1989).
For the present study, twenty surface (0-20 cm) soil samples were chosen, stratified
evenly among the two soil types observed at the LCZO to encompass a range of Fe
42

mineralogy, and constrained by elevation (488 - 612 m) and catena position (valley) to
reduce climactic variation. Samples were air-dried, sieved to <2 mm and archived prior to
further analysis. Duplicate aliquots of each soil were chemically characterized using
selective dissolution techniques and N2 BET specific surface area analysis. Five
representative soil samples from each parent material were selected as a candidate for
Mössbauer spectroscopy and XRD analysis.

3.2.2

Selective dissolution

Oxisol and Inceptisol soil samples were subjected to primarily inorganic parallel
chemical extractions for assessment of extractable Fe-containing secondary weathering
phases and associated C, as previously detailed in Coward et al. (2017). Briefly,
inorganic dithionite (DH) extraction was used to quantify the contribution of solid Fe
oxides, hydroxides, and oxyhydroxides derived largely from pedogenesis. HClhydroxylamine (HH) and ammonium oxalate (AO) extractions were used to quantify the
contribution of SRO mineral phases. Sodium pyrophosphate (PP) was used to quantify
chelated and dispersable Fe phases. In each case, 0.5 g of soil was weighed into a 50 mL
centrifuge tube with 30 mL of extractant. Samples were shaken for ~16 h, then
centrifuged at room temperature for 120 min at 5,300 × g. After centrifugation, the
supernatant was decanted and syringe-filtered through a 0.2 µm nylon membrane filter
(Whatman, GD/X, 25 mm diameter) into 50 mL glass sample tubes. Post-extraction
residues subjected to XRD and MBS analysis were distinguished by the notation OxX and
InX, denoting Oxisol and Inceptisol soils for which the subscript ‘X’ indicates the
extractant used, (e.g. OxHH indicates the Oxisol residue post-hydroxylamine extraction).
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The total Fe content of the soils was measured separately using microwave-assisted
concentrated acid digestions of all samples (EPA method 3052, (U.S. Environmental
Protection Agency, 1996) with the following parameters: a representative aliquot of 0.5 g
soil was digested using 9 mL concentrated nitric acid, 3 mL of concentrated hydrofluoric
acid and 2 mL of concentrated hydrochloric acid.

3.2.3
3.2.3.1

X-ray diffraction
Collection methods

Pre- and post-extraction residues were analyzed for mineralogical composition via
Powder X-ray Diffraction (pXRD) analysis using Co Ka (1.79 Å) radiation (40 kV, 40
mA) on a Philips vertical goniometer in a range of 5° < 2q < 85°. The diffractometer was
equipped with a 0.10° divergence slit. All samples were scanned with a step size of
0.008° 2q and step collection time of 120.65 s. Samples were not size or density
fractionated prior to analysis, as many of the Fe-bearing clays of interest are known to
occur as surficial coatings on larger grain sizes, including quartz (Wilkinson and Lead,
2007).
3.2.3.2

Spectral interpretation

Many of the short-range-ordered (SRO) FeIII-(oxy)hydroxide phases implicated in
organomineral complexation, i.e. ferrihydrite (Fh) and nanocrystalline goethite (n-Gt),
are difficult to identify in XRD patterns. Both likely exhibit small particle sizes
(Marchand and Rancourt, 2009; Rancourt and Meunier, 2008), and n-Gt in tropical
basaltic soils is often much smaller than typical synthetic analogs and highly substituted
by Al and other cations (Fritsch et al., 2005; Langmuir, 1971; Norrish and Taylor, 1961;
Otero et al., 2009; Waychunas et al., 2005). Distinguishing these two minerals on the
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basis of their XRD diffraction patterns alone is difficult, as both have broad reflections
and many of those reflections are difficult to resolve from each other in heterogeneous
mixtures, such as soils.

3.2.4
3.2.4.1

Mineral specific surface area
OM removal

Soils with high iron, aluminum and clay contents tend to have high specific surface area
(SSA) (Feller et al., 1992; 2003), which can lead to greater complexation with OM.
Incomplete removal of OM prior to measurement can result in an underestimation of the
SSA of soil mineral component, as OM typically has much lower SSA than soil minerals
and occludes mineral pore space (de Jonge et al., 2000; Wagai et al., 1999). Any
technique of OM removal, however, can alter less-crystalline mineral phases to various
degrees (Mikutta et al., 2006). Repeated sodium hypochlorite treatment (at room
temperature, pH 8) has been shown to minimize the alteration of less-crystalline hydrous
metal oxides, although 5–23% of initial OM remained after five cycles (Kaiser and
Guggenberger, 2003b) and up to 50% remained for subsurface horizons after three cycles
(Kleber et al., 2005). We contrasted this method (SSAoxidized) with an alternative
technique, dry heating (muffling) at 350 °C overnight. Muffling has been shown to
provide more efficient OM removal and maintain a higher SSA—by up to 2-fold—
compared to sodium hypochlorite oxidation (Wagai et al., 2009), but has the potential to
alter the SSA of less-crystalline phases to an unknown extent. Given these potentially
significant alterations in SRO mineralogy, we present results from both procedures and a
comparison of their efficacy.
3.2.4.2

N2 BET analysis
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The N2 gas sorption technique was used to measure SSA and assess the extent of organic
coverage on mineral surfaces. Lightly ground samples were outgassed under vacuum at
100 °C. Gas sorption analysis was conducted using a Tristar 3000 (Micromeritics,
Norcross, GA, USA) under a series of 11 N2 pressure intervals. Surface area values were
calculated using the multi-point Brunauer–Emmett–Teller (BET) approach with partial
pressures of < 0.3.

3.2.5
3.2.5.1

57

Fe Mössbauer spectroscopy

Collection methods

Solid phase speciation was assessed at 5 K, 77 K and 295 K using 57Fe Mössbauer
spectroscopy (MBS). Lightly ground and freeze-dried pre- and post-extraction residues of
Oxisol and Inceptisol soils were analyzed to determine the quantitative change in Fe
phases induced by extraction. Transmission 57Fe Mössbauer spectroscopy was performed
with a variable temperature He-cooled system with a 1024 channel detector. A 57Co
source (~50 mCi or less) embedded in a Rh matrix was used at room temperature. All
measurements were performed with a velocity range of ±11 mm s−1. Velocity (i.e., γ-ray
energy) calibration was obtained using an α-Fe foil at RT and all center shifts (CSs) and
peak positions are reported with respect to this standard. The transducer was operated in
constant acceleration mode and folding was performed to achieve a flat background. The
spectra were not corrected for thickness effects (Rancourt et al., 1993).
3.2.5.2

Mössbauer spectral processing

Mössbauer spectral fitting of all spectra was performed using the Voigt-based fitting
(VBF) method of Rancourt and Ping (1991) for quadrupole splitting distributions (QSDs)
and combined hyperfine field distributions (HFDs), as implemented in the Recoil
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software, developed in Rancourt’s laboratory in collaboration with ISA Inc.
(http://www.isapps.ca/recoil). All VBF Mössbauer parameter definitions and a
description of the relevant notation are given by Rancourt and Ping (1991). All errors in
Mössbauer fitting parameters are two-SD (2σ) errors, as calculated by Recoil. In
reporting quantitative phase abundances or site populations, it is assumed that the
Mössbauer recoilless fractions of all detected phases or Fe-bearing components are equal,
such that subspectral areas (expressed as fractions of total spectral area) are equal to the
amounts of Fe (expressed as fractions of total Fe) in the corresponding phases or
components. This assumption is expected to be valid at cryogenic temperatures, and also
to be a good approximation at RT with dry samples (Lalonde et al., 1998; Rancourt,
1998).
3.2.5.3

Mössbauer spectral fitting approach

In Mössbauer spectroscopy, each spectral component corresponds to one Fe-bearing solid
phase or to a group of unresolved Fe-bearing solid phases. These components take the
form of a doublet, sextet, octet (none resolved here) or a collapsed sextet—indicating a
solid-phase near its magnetic ordering temperature. Solid-phases well above (doublet) or
below (sextet) their Néel temperature will not exhibit any vertical (i.e. count axis)
distance between the peak troughs and the baseline. When Fe solid-phases are near their
Néel temperature, they exhibit an intermediate shape between a doublet and full sextet,
which fills the area between the upper baseline and the inverse troughs of the peaks. We
approximate this by using a separate collapsed sextet component (i.e., a sextet with
exceedingly large line widths and Bhf = 0 T).
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Assuming equal Mössbauer recoilless fractions (i.e., that the measurable gamma rays
emitted by each phase are proportional to the phase abundance), the total spectral area of
a given component is proportional to the amount of Fe in the corresponding solid
phase(s). Furthermore, it can then be assumed that each phase occupies the same spectral
area at all temperatures, although not the same spectral shape. For instance, nano-scale
FeIII-(oxyhydr)oxide minerals form a doublet at 295K and magnetically order to form a
sextet only when cooled sufficiently to prevent thermal disordering of the macroscopic
magnetic ordering within the material(Rancourt, 2001).
We left all fitting parameters normally used to fine-tune the fit at their most general,
conservative values. These include: constraining all Lorentzian half widths at twice the
Heisenberg values; disallowing parameter coupling between the center shift (CS),
quadrapole splitting (QS or e, for sextets) and average hyperfine field (Bhf); and
constraining the area ratios between the doublet lines to 1:1 and area ratios between
sextet lines 2 and 3 to 2:1 and lines 1 and 3 to 3:1 (See Appendix). The expectation is the
Lorentzian half-width values, which we set at the value optimized for an α-Fe foil
standard on our spectrometer (i.e. 0.1425 mm s-1), which is slightly larger than the ideal
theoretical value. An explanation of the four key MB spectral parameters used in our
analysis (center shift, quadrapole splitting, hyperfine field strength and the line width) is
summarized in the electronic annex of Thompson et al., (2011).
3.2.5.4

Mössbauer-assigned Fe phases

Across all temperatures (295K, 77 K, and 5K), five spectral components were resolved:
(1) an FeIII quadrupole doublet corresponding to FeIII associated with silicates or
organics, labeled Q-FeIII; (2) a wider FeII doublet corresponding to Fe in clays, labeled Q48

FeII; (3) the dominant sextet of FeIII in oxyhydroxides, labeled HFD-OxHy; and (4) a
highly broadened (collapsed sextet) central contribution, labeled (b)OxHy. The 295 K
spectra of Oxisol soils do not contain the HFD-OxHy component, and 295 K spectra of
Inceptisol soils lack the (b)OxHy collapsed sextet but contain an addition doublet, RT-F,
corresponding to ferrous iron.
3.2.5.5

Crystallinity index

The proportion of the HFD-OxHy spectral component present at each decreasing
temperature reflects decreasing crystallinity of FeIII-oxyhydroxide phases present, and
may be expressed as an index, in which the increase in the HFD-OxHy spectral area
ordered at 5K from that at 77K is expressed as a proportion of the total HFD-OxHy
spectral area, taken at 5 K.

3.2.6

Statistical analyses

Selective dissolution experiments (4) were completed on 20 surface samples in duplicate
(n=80). SSA analyses were completed on the same 20 surface soils in duplicate, with the
addition of two pre-treatments, muffling and hypochlorite oxidation, and untreated soils
(n=140). MBS and XRD were completed on two soils pre- and post-selective dissolution
(n=10). Experimental duplicates were treated as individual unknowns for statistical
analyses, which were completed using SPSS 23.0 (Chicago, IL) and SigmaPlot 12.5
(SyStat Software Inc., Germany). A two-way ANOVA was used to test the effects of soil
type, treatment type, and their interactions on SSA, and were followed by post-hoc
pairwise comparisons using Tukey tests to compare means when the main effect was
significant.

3.3

Results
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3.3.1

Selective dissolution

Prior chemical characterization data from Coward et al. (2017) are summarized in Table
3.1. We previously observed significantly larger pools of both extractable Fe and C
content in Oxisol soils than in Inceptisol soils (p < 0.001). In both soil types,
hydroxylamine and dithionite extracted more Fe than other extractants and Fe
concentrations correlated well with co-solubilized C concentrations. While the most
substantial concentrations of C were solubilized by pyrophosphate extractions, those
extractions solubilized the lowest amount of Fe, suggesting hydroxylamine- and
dithionite-extracted Fe is likely associated with different C pools than the dominant,
pyrophosphate-extractable C (Coward et al 2017).

3.3.2

X-ray diffraction

The following dominant minerals were positively identified through XRD peak
assignment in various proportions in pre-and post-extracted Oxisol soils (Figure 3.1):
quartz, kaolinite, chlorite, vermiculite, illite, smectite, gibbsite and goethite. Native
Oxisol mineralogy was largely dominated by quartz and kaolinite, followed by gibbsite
and goethite. Native Inceptisol soils contained chlorite, montmorillonite, illite, quartz,
feldspar, goethite, kaolinite, and were dominated heavily by quartz and feldspar minerals,
followed by kaolinite. Goethite is the only Fe-rich phase identified by XRD analysis,
however Fe can substitute for Al in the identified aluminosilicates, or in less-crystalline
SRO phases that can not be resolved via XRD.
The XRD of post-extraction solid-phase samples suggests selective dissolution induced
changes in the mineral composition in both the Oxisol (Figure 3.1) and Inceptisol
samples (Figure 3.2). The OxDH and OxHH samples displayed reduced diffraction area in
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chlorite, gibbsite and kaolinite peaks. Pyrophosphate and ammonium oxalate extraction
both induced recrystallizations, resulting in an increase of the diffraction area associated
with chlorite/kaolinite and goethite in OxAO and OxPP.
Changes to Inceptisol soil mineralogy resulting from selective dissolution were less
pronounced, predictably a result of the quartz-dominated matrix, which proved highly
resistant to extraction. Notable changes in spectral area were observed between 5 Å and
15 Å, in which chlorite and montmorillonite were substantially reduced, to various
degrees, in all post-extraction samples, with the exception of InDH. No other peaks were
as substantially removed. As observed in Oxisol soils, reduction of kaolinite and
recrystallization of Goethite phases are apparent in all post-extraction soils.

3.3.3

Mineral specific surface area

Specific surface area (SSA) in untreated, native soils (i.e. SSAnative) was dramatically
controlled by parent material. SSAnative was significantly greater in Oxisol soils (F[1,
255]; p < 0.001;) than Inceptisol soils, reflective of more weathered mineralogy, finer
texture, and greater pedogenic iron content (Figure 3.3) (Wagai et al., 2011). Selective
dissolution reduced measured SSA significantly in both Oxisol (F[6, 255]; p < 0.001) and
Inceptisol (F[6, 255]; p < 0.001) soils. Notably, the change in surface area after selective
dissolution (SSAX; where x is extractant) was well-correlated with extractable with
extracted Fe concentrations amongst two extractants, SSADH (R2 = 0.55) and SSAHH (R2
= 0.61), which target SRO and crystalline Fe-bearing mineral phases. In contrast, poor
correlations were evident for SSAAO (R2 = 0.21) and SSAPP (R2 = 0.31) (Figure 3.4).
which both target colloidal and dispersible Fe phases and solubilized the lowest amount
Fe across all extractions.
51

3.3.4
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Fe Mössbauer spectroscopy

3.3.4.1 Distribution of MBS-assigned Fe phases in native soils
Six Fe populations were identified in the native Oxisol and Inceptisol soil samples
(Figure 3.5), and their relative contributions to native soil speciation are described below.
FeIII-oxyhydroxide populations
Collection of Mössbauer spectra at 295K, 77K, and 5K allows for characterization of the
crystallinity-continuum of the FeIII-oxyhydroxide solid phases in these soils. All resolved
FeIII-(oxyhydr)oxides in these soils at 295K were superparamagnetic or near their
blocking temperature. This indicates that there were no bulk crystalline Fe oxides (sensu
latu) in the soil. As temperature is reduced, portions of the 57FeIII-oxyhydroxide
populations are resolved as they magnetically order into a sextet, with the more
crystalline portions of the population ordering at higher temperatures. In the native
Oxisol, the spectral area assigned to the full FeIII-oxyhydroxide sextets (HFD-OxHy)
increased from 0% at 295K, 64 ± 1% at 77K and 83 ± 1% at 5K; whereas in the
Inceptisol the FeIII-oxyhydroxide sextet spectral area increased from 0% at 295K, 23 ±
2% at 77K, to 35 ± 2% at 5K, respectively (Table 3.2). In both soils, the Mössbauer
spectral parameters (CS ~0.48 mm s-1, QS ~ -0.12 mm s-1, and Bhf ~ 49T) are most
similar to n-Gt standards (Tables S1-S3). However, Inceptisol oxyhydroxide phases had a
quadrapole splitting value that is less negative (QS = -0.098 ± 0.011) than that of the
Oxisols (QS = -0.125 ± 0.002), suggesting the Inceptisols had a greater relative
proportion (fraction of total oxyhydroxides) of Fh intermixed with n-Gt than the Oxisols.
FeIII-oxyhydroxides that were blocked or near their blocking temperature (the (b)OxHy
component in Figure 3.5, Table 3.2) at 5K comprise 9±1% of the spectral area in Oxisol
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soils, and 30±2% of the spectral area in Inceptisols (Table 2). These phases may represent
even more disordered Fh, n-Gt or phases that are so disordered assigning them to pure
mineral phases is unjustified. We refer to these phases as nano-Fe, and their spectral area
is summed with the OxHy sextet contributions to provide a total estimate of FeIIIoxyhydroxides in the soil.
FeIII-silicate/organic-bound Fe populations
Fe atoms in silicates and monomeric organic complexes are too distant from each other to
order magnetically, and thus both site populations produce a doublet at 5K. Ferric
doublets (Q-FeIII) in the Oxisol and Inceptisol had similar CS values (0.47 and 0.45 mm s1

, respectively), but quite different QS values (0.65 and 1.05 mm s-1, respectively) (Table

S1). In both cases, these are consistent with octahedrally-coordinated FeIII. FeIII
substituted kaolinites (Murad, 1998) typically yield lower QS values (e.g., ca 0.52 mm s1

) than Fe-substituted 2:1 (and 2:1:1) layer aluminosilicate phases, such as vermiculite or

chlorite, which can increase QS values (ca. 0.8 mm s-1). The likely presence of FeII in
these clays would increase structural distortion and lead to higher FeIII quadropole
splitting values for both phases (Murad and Cashion, 2004). FeIII in octahedral positions
of Fe-poor 2:1 minerals also yield larger FeIII quadropole splitting values consistent with
our observations (Murad and Wagner, 1994). The differences in the quadrapole splitting
of this phase between the two soils likely reflects the differences in the clay mineral
composition, which from XRD is dominated by primarily kaolinite peaks in the Oxisols,
but contains strong chlorite peaks—in addition to montmorillite and kaolinite peaks—in
the Inceptisols (Figures 3.1 and 3.2). Finally, FeIII bound to organic matter exhibits QS
values in a similar range, although the precise value is highly dependent on the type of
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organic compound. Generalized soil organic matter-bound FeIII has a QS value of 0.91
mm s-1 at 5 K, which rises to 1 mm s-1 at 295K (Chunmei Chen, personal
communication). Therefore, a higher proportion of organic bound FeIII in the Inceptisols
could also contribute to observed differences.
Paramagnetic ferrous populations
We observed one paramagnetic ferrous contribution in both the native Oxisol and
Inceptisol (Q-FeII), consistent with ferrous iron in sheet silicates or sorbed FeII in both
soils. No octets consistent with the presence of magnetite were observed, although
highly-substituted magnetite is difficult to distinguish from other Fe oxides. Because of
the larger ferric doublets in these soils, the exact CS and QS values for minor ferrous
doublets can be challenging to extract with precision, however the high-velocity line is
usually quite distinctive and can be used to identify the ferrous phase. The high-velocity
lines (Vindedahl et al., 2016) for the ferrous doublets were at 2.7 mm s-1 and 3.0 mm s-1
for the Inceptisol and Oxisol, respectively. The HL values of 2.6 mm s-1 are commonly
reported for aluminosilicate clays (Murad and Cashion, 2004), while ferrous substitution
in kaolinite averages HLvalues of 2.4 ± 0.1 mm s-1 (Murad and Cashion, 2004) and
Rancourt et al. (2005) have shown FeII sorbed to bacterial cells can yield HL lines even
above 2.8 mm yr-1. This suggests that the ferrous doublet in the Oxisol likely originated
from sorbed FeII, while the ferrous doublet in the Inceptisols was more likely related to
substitution in aluminosilicates.

3.3.5

Distribution of MBS-assigned Fe phases in extracted soils
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The MB spectra acquired after selective dissolution experiments revealed which phases
persisted and thus, we can infer what was solubilized by each extraction, allowing for the
possibility of re-crystallization during the extraction procedure.
FeIII-oxyhydroxide populations
Uniformly, the amount of FeIII-oxyhydroxides in the Oxisol and Inceptisol soils declined
following selective dissolution (Figure 3.6; concentrations calculated using the total Fe
content of the soil as measured via acid digest, Table 3.2). Mössbauer spectroscopy
revealed a continuum of Fe oxyhydroxides measured in three components of decreasing
crystallinity: a) Fe that orders (forms a HFD-OxHy sextet) at 77K (77KFeOxHy), b) Fe that
orders between 77 and 5K (5KFeOxHy), and c) Fe that is only partially ordered at 5K
(<5KFeOxHy). Reductive dissolution by inorganic dithionite removed 56.5 mg g-1 of the
71.1 mg g-1 Fe-OxHy in Oxisol soils, including 39.8 mg g-1 from Fe that ordered at 77K
(77KFeOxH) and 12.2 mg g-1 of very SRO material that required cooling to 5K to
magnetically order (5KFeOxHy). In Inceptisol soils, dithionite solubilized 9.38 mg g-1 of the
18.5 mg g-1 Fe-OxHy, including 3.1 mg g-1 of 77KFeOxHy and 2.8 mg g-1 of 5KFeOxHy (Table
2).
Hydroxylamine (HH) and ammonium oxalate (AO) extractants—which were used to
target lower crystallinity (e.g., SRO) Fe phases—both solubilized a greater proportion of
Fe oxyhydroxides in the Inceptisols than in the Oxisols. In Oxisol soils, AO solubilized
only 10.3 mg g-1, or 14.5% of Fe-OxHy in this soil, with near equal contributions from
77K

FeOxHy and 5KFeOxHy crystallinity classes. In contrast, AO solubilized 7.0 mg g-1, or

37.7% Fe-OxHy, in Inceptisol soils, with similarly near equal removal from 77KFeOxHy
and 5KFeOxHy crystallinity classes. Hydroxylamine mobilized a greater 36.5 mg g-1 in
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Oxisol soils, including 23.2 mg g-1 of 77KFeOxHy and 10.3 mg g-1 of 5KFeOxHy, and 5.8 mg
g-1 HFD-OxHy in Inceptisol soils, including 2.3 mg g-1 of 77KFeOxHy and 1.8 mg g-1 of
5K

FeOxHy. Pyrophosphate dissolution, targeting chelatable and dispersable Fe phases,

solubilized only 8.3 mg g-1 of the Fe-OxHy population in Oxisol soils, and 6.2 mg g-1 in
Inceptisols. 5.0 mg g-1 of 77KFeOxHy and 3.7 mg g-1 of 5KFeOxHy in Oxisol soils, compared
to 1.1 mg k-1 of 77KFeOxHy and 1.7 mg g-1 of 5KFeOxHy in Inceptisol soils. These results
suggest pyrophosphate-extractable phases are removed more efficiently from Inceptisol
soils.
Changes in nano-Fe phase distributions—the most disordered endmember of the Fe(III)
oxyhydroxide continuum (the (b)HFD-OxHy contribution at 5K)—are noted here with
the qualification that this component area can have some fitting trade-off with the central
doublet, particularly in the Inceptisols, in which the ferric doublet is large. Significant
dissolution of nano-Fe was only observed by HH and DH extraction in Oxisols, in
accordance with the proposed removal of SRO phases by both extracts, including 3.8 mg
g-1 of 5KFe(b)OxHy by hydroxylamine extraction and 6.2 mg g-1 of 5KFe(b)OxHy by dithionite
extraction. In the Inceptisols, the pyrophosphate and dithionite extracts removed 2.7 mg
g-1 of 5KFe(b)OxHy and 1.4 mg g-1 of 5KFe(b)OxHy, respectively.
In addition to quantifying the amount of Fe in each crystallinity class, the Mössbauer
parameters associated with each component can reveal information about the
characteristics of the Fe oxyhydroxide phases. In both soils, the HFD-OxHy contributions
had similar center shifts (CS, see Appendix) before and after selective dissolution.
However, the quadrapole shift (QS) of the Fe oxyhydroxide sextets (HFD-OxHy) at 77K
and 5K in the Inceptisols became more positive after the AO and HH extractions
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(increasing from QS= -0.1 to ~ -0.055) (Appendix). This suggests the residual Fe
oxyhydroxides had more Fh-like character than n-Gt character post-extraction. The
hyperfine field strength (Bhf) of the Fe-oxyhydroxides increased following all extractions
in the Inceptisols—consistent with the removal of less crystalline Fe by the extractants;
however, Bhf declined in OxDH samples, suggesting that Fe in the residual soil is of lower
crystallinity than extracted Fe.
FeIII-silicate/organic-bound Fe populations
Post-extraction Oxisol soils display CS (0.46±x mm s-1) and QS (0.66±x mm s-1) values
consistent with native soil samples, with the exception of pyrophosphate-extracted
samples, which possess decreased CS (0.42 mm s-1) and increased QS (0.73 mm s-1)
values (See Appendix). Post-extraction Inceptisol soils display increased CS (0.49±05
mm s-1) and QS (0.90±0.13 mm s-1) values, compared to native soils. Extraction also
induced re-precipitation of FeIII-silicate/organic-bound Fe in Inceptisol soils at 5 K
(5KFeQ-FeIII), while this population in Oxisol soils (54.3 mg g-1) was only extracted by
hydroxylamine and dithionite extracts. Hydroxylamine-extracted Fe included 2.4 mg g-1
of 5KFeQ-FeIII. Dithionite-extracted Fe included 2.8 mg g-1 of 5KFeQ-FeIII.
Paramagnetic ferrous populations
Paramagnetic ferrous phases (RT-F) were resolved in Inceptisol soils at 295 K only, and
appear to be significantly removed by AO extraction, as this contribution is not observed
in InAO soils. Hydroxylamine extraction induced detectable precipitation of this phase,
while dithionite extraction reduced substantially (295KFeRT-F = 3.1 mg g-1) but did not
eliminate this contribution.
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3.3.6

Crystallinity of MBS-assigned Fe phases in extracted soils.

Across both soil types, AO extraction resulted in a decreased crystallinity index value
relative to native values, suggesting preferential removal of more crystalline FeIII phases
independent of soil type (Table 3.3). In contrast, PP and HH extractions resulted in an
increasing index value, indicative of the removal of less-crystalline phases. Remarkably,
OxDH soils contain less-crystalline Fe-OxHy phases, despite the strong reducing power of
dithionite, which targets both SRO and bulk crystalline Fe phases. The persistence of less
less-crystalline Fe-OxHy phases suggests that SRO and amorphous Fe-bearing mineral
phases may be stabilized against reductive dissolution.
A decrease in Fe mineral crystallinity is reflected in Mössbauer spectra by a decrease in
the temperature required for transition between a doublet to a sextet, an increase in sextet
line broadening (σHFD), and a decrease in the hyperfine field strength (Bhf) of the sextet.
This is best assessed in these soils at the collection temperature of 77 K. The HFD-OxHy
sextets at 77K of the OxDH and OxHH soils exhibited broader line widths and lower
average Bhf values than HFD-OxHy sextets in the native soil (Figure 3.7). This
broadening of line widths and lowering of the average hyperfine field strengths at 77 K is
consistent with a greater proportion the FeIII-oxyhydroxide population exhibiting Néel
temperatures at or below 77 K, rather than above 77 K (Table 3.2). A lower Néel point
for FeIII-oxyhydroxide phases is consistent with an increase in phase disorder or decrease
in particle size (i.e., for both, indicating a lower crystallinity). However, it is important to
note that the peak FeIII-oxyhydroxide hyperfine field strength for the extracted Oxisol
soils remained similar to that of the unreacted soil, suggesting the most crystalline FeIIIoxyhydroxide sites were largely unaffected by extraction as those phases are expected to
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exhibit the highest hyperfine field strengths (i.e., most ordered) within the parameter
range for FeIII-oxyhydroxides (Tishchenko et al., 2015). In contrast, the HFD-OxHy
sextets detected at 77K in the Inceptisol soils exhibited narrower line widths and higher
average Bhf values, as well as a shift in the peak hyperfine field strength towards higher
values. These parameter shifts are all consistent with the removal of less crystalline
phases during the extraction process.
These residual FeIII-oxyhydroxide phases can be approximately identified using two
parameters of the sextet fit itself. The most probable hyperfine field (Hpeak) parameter
indicates the most abundant field strength of the sextet, and the quadrapole splitting
parameter (e) is a sensitive measure of electron asymmetry, which is strongly influenced
by lattice structure in ferric phases. A plot of e versus Hpeak for the Oxisol HFD-OxHy
sextets at 77 K illustrates they have lower Hpeak values than typical n-Gt standards, yet
more negative e values than a set of un-substituted and As-substituted Fh standards
(Figure 3.7). While pyrophosphate- and oxalate-extracted residues closely cluster to the
native Oxisol, the hydroxylamine-extracted residue has the highest Hpeak value,
resembling n-Gt and the dithionite-extracted residue has the lowest Hpeak value observed.
In contrast, the Inceptisol OxHy sextets at 77 K, when unextracted, display Hpeak and e
signatures similar to that of the Oxisols, while selective dissolution produces parameters
suggestive of more crystalline phases, such as Maghemite, remaining. This shift indicates
selective dissolution in these soils, particularly pyrophosphate and oxalate dissolution,
resulted in residual Fe more akin to Fh standards.

3.4
3.4.1

Discussion
Native soil characterization and mineralogy
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Mössbauer spectroscopy, SSA analysis and selective dissolution data provide insight at
the nanoscale into both the identity and contribution of specific Fe phases to
organomineral stabilization capacity. Prior XRD analysis of Luquillo soils demonstrated
the Inceptisol matrix, weathered from a quartz diorite regolith, is comprised largely of
quartz, kaolinite, biotite and goethite phases (Murphy et al., 1998; White et al., 1998),
while the presence of feldspars is a product of knickpoint erosion (Porder et al., 2015).
The mineralogy of Luquillo Oxisols—challenging to characterize through XRD alone
due to extensive pedogenesis—have been proposed to contain primarily kaolinite in
widespread ratios with quartz, accompanied by minor goethite and feldspar contributions
(Porder et al., 2015). Our results confirm the presence of these dominant phases, and
provide evidence for the presence of ancillary phases (chlorite, montmorillonite,
vermiculite, illite, smectite, and gibbsite). However, many of the Fe-bearing mineral
phases traditionally implicated in organomineral complexation are challenging to resolve
via XRD analysis alone (Refait et al., 2001; Schwertmann et al., 1982).
Mössbauer spectral analysis of the native soils reveals the Fe solid phases are dominated
by short-range-ordered Fe oxyhydroxides, which can be approximated by an admixture of
Fh and n-Gt phases. These SRO Fe phases, along with SRO Al phases, likely serve as the
primary minerals implicated in organomineral association in these soils. The solid phase
Fe speciation of unreacted Inceptisol and Oxisol soils (Figure 3.6) reflects differences in
the degree of pedogenesis, with a predominance of FeIII-oxyhydroxide phases observed in
Oxisol soils and substantially smaller contributions made by FeII and nano-Fe phases, in
contrast with the strong relative contribution of FeIII in clay minerals or organic
complexes in the native Inceptisols. However, the mass of FeIII in clay or organic
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complexes (represented by the Q-FeIII doublet at 5K in the MBS spectra) is similar within
error between the two soil types, while more FeII phases are present in the Inceptisol
soils. As such, Inceptisol soils appear to contain equal contributions of Fe from a broad
spectrum of solid-phase speciation, while the Oxisol Fe overwhelmingly dominated by
FeIII-oxyhydroxide phases, which may reflect differences in weathering rates between the
soils.
Specific surface area, as hypothesized, differed drastically across soil type (Figure 3.3).
Markedly, extractable mineral phases contribute substantially to the soil surface area, as
evidenced by large declines in SSA post-extraction (Figure 3.3). This suggests that a
wide range of Fe solid phase speciation contribute to the surface areas observed in Oxisol
and Inceptisol soils. The strong correlations between extracted Fe concentrations and the
change in SSA induced by extraction (Figure 3.4) observed after dithionite (R2 = 0.55)
and hydroxylamine (R2 = 0.61) extraction suggests phases removed by those extracts
contribute most substantially to observed surface area in both soils.

3.4.2

Selective dissolution of MBS-assigned Fe phases

Selective dissolution techniques, paired with Mössbauer spectral analysis, reveal soil
type-dependent —or independent—changes in the magnitude and speciation of
extractable Fe. Examining the solid phase speciation of Fe solubilized by selective
dissolution informs both our understanding of complex matrix structure and the workings
of the extractants themselves. Extraction with pyrophosphate solubilized a greater
proportion of FeIII oxyhydroxides in Inceptisol soils (Figure 3.6, Table 3.2), a large
contribution of which only ordered at 5 K (5KFeOxHy). Nano-Fe phases at 5 K were also
mobilized from Inceptisol soils, suggesting that a greater portion of SRO Fe was
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implicated in colloidal or chelated complexations in this soil type. However, crystallinity
index values report preferential extraction by pyrophosphate of less-crystalline material
in both soils (Table 3).
Ammonium oxalate similarly dissolved a greater proportion of FeIII oxyhydroxides in the
Inceptisol soils, characterized by equal amounts of Fe from the 77KFeOxHy and 5KFeOxHy
crystallinity classes. The inorganic alternative, hydroxylamine, dissolved a greater
amount of FeIII oxyhydroxides from Oxisol soils with most of the more crystalline
portions of the Fe (77KFeOxHy) remaining relative to the less crystalline portions (i.e.,
5K

FeOxHy and <5KFeOxHy). Hydroxylamine solubilized only the most disordered portion of

the continuum (nano-Fe, <5KFeOxHy) in Oxisols.
Although both AO and HH extractants have been used to quantify SRO Fe phases (Chao
and Zhou, 1983), our work reveals that AO may instead solubilize a similar type of Fe as
pyrophosphate. This has been previously noted, as complexes formed via covalent
bonding between monomeric Al and Fe ions with organic functional groups (e.g.,
hydroxyl and carboxylic groups) have both been approximated by oxalate and
pyrophosphate extractions (Kramer and Chadwick, 2016; Parfitt et al., 1999; Percival et
al., 2000). Hydroxylamine, in contrast, appears to mobilize the abundant, highly
amorphous nano-Fe phases in Oxisols, along with a larger component of the sextet,
which correlates strongly with the higher SRO content in Oxisol soils.

3.4.3

Evidence for Fe stabilization against reduction events

Reduction via DH extraction resulted in the dissolution of the largest proportion of FeIIIoxyhydroxides, and minor concentrations of all other contributions in the Oxisol and
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Inceptisol soils (Figure 3.6, Table 3.2), in accordance with the suggested use of dithionite
to solubilize both SRO and crystalline Fe-bearing phases derived from pedogenesis
(Wagai et al., 2013b). However, it was unexpected that the Fe remaining after DH
extraction was less crystalline than that present in native Oxisol soils (Munch and Ottow,
1983) based on both greater loss of 77KFeOxHy than 5KFeOxHy and <5KFeOxHy, (Figure 3.6),
which is also represented in a lower crystallinity index value post-DH extraction (Table
3) and changes in the parameters of the 77KFeOxHy sextet consistent with a lower
crystallinity in the post-extraction samples (Figure 3.5). The 77KFeOxHy sextet in the OxDH
samples have broader line widths (σHFD) and decreased hyperfine field strengths (Bhf)
(Figure 3.7A), indicative of lower Néel temperatures and thus more disordered crystalline
structure, than the initial Oxisol samples. Perhaps most striking is the Hpeak parameter
(Figure 3.7B), a marker of Fe crystallinity (van der Zee et al., 2003). The OxDH is the only
extraction residue that had a lower Hpeak value at 77K than the native Oxisol soil.
We find SRO FeIII phases—largely presumed to have bond distances consistent with
Fh—persist following dithionite reduction in Oxisol soils. Prior work examining the
residues of dithionite extractions has largely concluded that the extractant either
completely removes secondary Fe (oxyhydr)oxide phases or as Parfitt (1988) found, the
dithionite-extracted residue contains some very crystalline hematite and/or maghemite
phases. However, Filimonova et al. (2016) recently observed incomplete dissolution of
ferrihydrite phases by DCB extraction in Andisol soils, which was attributed to protection
by allophane and Al-oxides phases.
The mechanisms responsible for the immobilization of less-crystalline FeIII
oxyhydroxides in Oxisol soils are unclear, but we propose three potential mechanisms:
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(1) mineral co-precipitation with OM, known to produce smaller ferrihydrite crystals and
increased lattice spacings (Eusterhues et al., 2008), has recently been found to also inhibit
FeIII reduction of Fh by both abiotic dithionite and microbially-mediated reduction
(Eusterhues et al., 2014), although less strongly than adsorption. Co-precipitates are
resistant to changes in pH, Fe:OM ratio and type of abiotic reductant (Henneberry et al.,
2012). (2) Charge-stabilized colloids, documented in laboratory studies with a variety of
metal oxide and oxyhydroxide nanoparticles and proven to be stable at a range of pH
levels (Gilbert et al., 2007), could also stabilize residual Fe-bearing phases. (3) Aggregate
hierarchy, sugg as a protective mechanism in Oxisols by demonstrating gradual release of
smaller particles upon the application of higher levels of sonication energy (Field et al.,
2006) and structural observations using SEM/TEM coupled with EDS (Vrdoljak and
Sposito, 2002). Wagai and Asano (2014), propose that with increasing dispersion energy,
larger size fractions are increasingly dominated by primary mineral crystals and smaller
size fractions are more dominated by the micron- and submicron-sized composites
enriched in SRO minerals and organo-metal complexes. Although hypothesized to
contain metals extractable by oxalate and pyrophosphate, we suggest an additional level
of aggregate hierarchy may be present in LCZO Oxisols, as dithionite-resistant SRO FeIII
phases may representing a fundamental “building block” of this soil.
In contrast, reductive dissolution of Inceptisol soils appears to target predominantly lesscrystalline FeIII-oxyhydroxides, as indicated by HFD-OxHy parameters (Figure 3.7D,
Appendix) and declines in crystallinity index values (Table 3.3), and induces
precipitation and/or recrystallization of FeIII phases bound to silicates and/or organics
(Figure 3.6, Table 3.2). It is likely that production of FeIII phases bound to silicates and/or
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organics is catalyzed by the predominance of quartz in this soil matrix, which can serve
as a scaffold for the precipitation of mineral coatings. This process may explain lower
extractable Fe concentrations reported in Inceptisol than Oxisol soils (Table 3.1). Coating
formation may also include the re-sorption or co-precipitation of OM, which is supported
by decreases in hyperfine field strength (Bhf) (Figure 3.7D), shown in laboratory
experiments with synthetic Fh to result from association with organic matter (Eusterhues
et al., 2008). Thus, we suggest that the solid-phase speciation of Fe is quite distinct across
soil types, driving two distinct forms of mineralogical architecture: Oxisol Fe is
composed largely of FeIII-oxyhydroxide phases, the less-crystalline component of which
is stabilized against reduction events, while Inceptisol Fe occurs primarily as coatings on
larger grains.

3.4.4

Ecological implications

The persistence of SRO FeIII-oxyhydroxides after laboratory reduction events in Oxisol
soils may have important implications for the mobilization of Fe phases and associated
OM via abiotic and biotic reduction events alike. Wetting and drying cycles (i.e.
transitions between atmospheric O2 depletion and saturation) have been documented in
both Inceptisol and Oxisol soils of the LCZO over short time scales (hours to days) and
distances (meters) (Chacon et al., 2006; Hall et al., 2016; Silver et al., 1999). The high
affinity of these clay-rich soils for moisture and their well-developed aggregate structure
yields anoxic and oxic microsites, which persist well beyond initiating cycles (Liptzin et
al., 2011; Silver et al., 1999). While the strong reductive conditions of dithionite
extraction are an extreme exaggeration of natural reduction, the persistence of Oxisol
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SRO FeIII-oxyhydroxides under the strong conditions documented here suggests that such
phases may also persist under weaker reductive conditions in situ.
The differences in response to chemical reduction events, and the underlying differences
in Fe mineral structure proposed here, may thus have substantial implications on
biogeochemical cycling at a wide variety of temporal and spatial scales within the LCZO,
particularly of C cycling (DeAngelis and Firestone, 2012; DeAngelis et al., 2010;
Dubinsky et al., 2010; Hall and Silver, 2013a; Liptzin et al., 2011; Minyard et al., 2012;
Peretyazhko and Sposito, 2005). Strong correlations between hydroxylamine- and
dithionite-extractable Fe and C have been previously observed in both soils (Coward et
al., 2017). We thus propose that the structural differences in Fe across these two soil
types may drive contrasting soil C dynamics (e.g, C turnover). Fe-associated OM in
Inceptisols may be more susceptible to reductive mobilization than OM in the Oxisol
soils and this might lead to higher C mineralization rates in Inceptisol soils when the soils
are exposed to anoxic conditions. While high C mineralization rates and levels of C
oxidation associated with FeII production have been documented in LCZO soils
(Dubinsky et al., 2010; Liptzin and Silver, 2009; Silver et al., 2013) soil-type specific
measurements have not yet been made. OM bound to reduction-resistent FeIIIoxyhydroxides in Oxisol soils may help explain the long C turnover times observed in
this soil type (Hall and Silver, 2015). Similarly, C bioavailability, oxidation rates and
subsequent CO2 production may be lower than previously estimated in these and other
redoximorphic, clay-rich soils.

3.5

Conclusions
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This study documents the composition and solid-phase speciation of Fe-bearing mineral
phases implicated in organomineral complexation across two redox-active humid tropical
soils, contrasting in their bulk mineral matrices, using an inorganic selective dissolution
technique and SSA, XRD, and MBS analysis. We found distinct assemblages of Febearing mineral phases in each soil type, however the variation in XRD-identified phases
between soil types observed did not appear to affect SSA, which was found to be wellcorrelated with extractable Fe concentrations in both soils. Hydroxylamine- and inorganic
dithionite-extracted Fe contributed substantially to available SSA, in accordance with
MBS findings that largely FeIII-oxyhydroxides were removed by both extracts, varying in
concentration and crystallinity across soil type. Notably, the most short-range-order
(SRO), or lowest crystallinity, FeIII-oxyhydroxide phases persisted in Oxisol soils after
harsh dithionite reduction. Such reduction-resistant FeIII-oxyhydroxides are not observed
in Inceptisol soils, and we hypothesize that this contrasting Fe solid-phase speciation
across soil type may drive the formation of distinct mineral architecture between the soil
types. We propose that Oxisol Fe-bearing phases are composed largely of small FeIIIoxyhydroxide particles, in which SRO FeIII particles may serve as highly-stable
foundational units, while Inceptisol Fe-bearing phases occur primarily as coatings on
matrix-dominant quartz grains. The evidence for contrasting Fe mineral structures across
soil type presented here, which warrant further investigation, may aid in explaining the
accumulation of substantial C stocks in Oxisol soils relative to Inceptisols, and further
our understanding of the mechanisms governing mineral —and associated C—
persistence in humid forest soils.
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Oxisols

Extracted Fe
-1

mg g soil
Native soil

a

Pyrophosphate

69.2(17)
c

Hydroxylamine
Amm. Oxalate
HCl - Dithionite

Extracted C
-1

% total Fe
b

mg g soil

% total C

--

63.2(4)

--

7.9(2)

13.1(8)

15.0(5)

27.1(10)

35.3(9)

56.8(3)

6.1(2)

10.7(3)

d

9.0(3)

14.3(1)

--

45.1(12)

70.5(3)

4.3(2)

-8.7(6)

Inceptisols
-1

mg g soil
Native soil

-1

% total Fe

mg g soil

% total C

26.2(9)

--

39.0(3)

--

Pyrophosphate

3.3(3)

15.2(2)

12.2(5)

34.5(9)

Hydroxylamine

4.7(2)

19.3(1)

2.8(1)

8.5(4)

Amm. Oxalate

4.0(2)

16.9(1)

--

--

HCl - Dithionite

9.5(8)

43.1(5)

1.8(1)

5.8(3)

Table 3.1 Concentrations of extractable Fe and C from selective dissolution of Oxisol
and Inceptisol soil samples.
Extracted Fe and C concentrations derived from ICP-OES analysis of extractants after
selective dissolution of Oxisol and Inceptisol soils. Relative concentrations (%) are
expressed as a proportion of total Fe, measured by acid digest, or total C, measured by
elemental analysis.
a

Values for native soils are total elemental compositions, pre-extraction.

b

Errors are 2 standard deviation (2s) based on triplicate analysis for total elemental
composition and selective extractions. Uncertainty is presented as the error in the last
digit in concise notation (e.g., 5.0(15) = 5.0 +/- 1.5)
c

Note that all extractions were performed independently, rather than in sequence.

d

Extracted C data is not provided for this organic extractant, as solvent blank corrections
proved insufficient to ensure measurement accuracy.
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Errors are 2 standard deviation (2s) based on 1 standard error (s.e.) calculated from the Recoil Software for Mössbauer data.
Uncertainty is presented as the error in the last digit in concise notation.
b
Only detectable at 4-5 K, 77 K.
c
Only detectable at 295 K.

a

Table 3.2 Mössbauer site populations.
Concentrations (mg g-1 Fe) associated with each 57Fe Mössbauer spectral component, before and after selective
dissolution, at three temperatures (295, 77, and 5 K).

Native soil

Pyrophosphate

Amm. Oxalate

Hydroxylamine

Inorg. Dithionite

Oxisol

0.77

0.80

0.74

0.84

0.71

Inceptisol

0.66

0.76

0.60

0.73

0.84

Table 3.3 Crystallinity index of Oxisol and Inceptisol FeIII-oxyhydroxides.
The proportion of the HFD-OxHy spectral component present at each decreasing
temperature reflects decreasing crystallinity of FeIII-oxyhydroxide phases present, and
may be expressed as an index, in which the HFD-OxHy spectral area ordered at 77K is
expressed as a proportion of the total HFD-OxHy spectral area, taken at 4 K.
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Figure 3.1 Powder X-ray diffraction (pXRD) spectra of native and post-extraction Oxisol
soils.
Count data has been normalized to relative abundance for each spectrum individually,
and three dominant, non-clay phase peaks (21 Å, 24 Å, and 31 Å) have been truncated to
ease comparisons in clay abundances. Abbreviations are as follows: C, chlorite; K, kaolin
group mineral; Q, quartz; Gi, gibbsite; Gt, goethite.
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Figure 3.2 Powder X-ray diffraction (pXRD) spectra of native and post-extraction
Inceptisol soils.
Count data has been normalized to relative abundance for each spectrum individually,
and three dominant, non-clay phase peaks (24 Å, 31 Å, and 32 Å) have been truncated to
ease comparisons in clay abundances. Abbreviations are as follows: C, chlorite; M,
montmorillonite; I, illite; Q, quartz; F, feldspar; Gt, goethite; K, kaolin group mineral.
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Figure 3.3 N2 BET specific surface area of Oxisol and Inceptisol soils after no treatment,
muffling and oxidation pre-treatments, and selective dissolution.
Selective dissolution treatments are referenced as follows: sodium pyrophosphate, PP;
HCl-hydroxylamine, HH; ammonium oxalate, AO; dithionite-HCl, DH.
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Figure 3.4 Change in N2 BET SSA (m2 g-1) induced by selective dissolution (ΔSSA),
correlated with extracted Fe concentrations.

74

Figure 3.5 Spectral fittings of 57Fe Mössbauer spectra of bulk Oxisol and Inceptisol soils
at 5, 77 and 295 K.
Spectra are normalized to relative intensity (y-axis) and velocity (mm s-1, x-axis).
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Figure 3.6 The concentration of each Fe-bearing phase (mg Fe g-1 soil), derived from the
MBS spectral area of each component at 5 K, before and after extraction.
Errors are 2 standard deviation calculated from the Recoil Software for Mössbauer data.
Uncertainty is presented as the error in the last digit in concise notation.
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Figure 3.7 HFD-OxHy parameters.
The probability distribution of hyperfine field strengths of HFD-OxHy sextets (i.e., FeIIIoxyhydroxides) of Oxisol (A) and Inceptisol (B) soils at 5 K, and 77 K HFD-OxHy
hyperfine parameters of Oxisol (C) and Inceptisol (D) soils, compared to those of
reference Fe-bearing minerals.
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CHAPTER FOUR: Adsorption and molecular fractionation of dissolved
organic matter on mineral matrices of varying iron-bearing mineralogy

Chapter to be submitted for publication as:
E. K. Coward, T. Ohno, and A. F. Plante (2017), Adsorption and molecular fractionation
of dissolved organic matter on mineral matrices of varying iron-bearing mineralogy.
Environmental Science & Technology.
Abstract:
Fe-bearing mineral phases contribute disproportionately to adsorption of soil organic
matter (SOM), due largely to their high specific surface area (SSA) and reactivity. The
spectrum of mineral solid-phase speciation present in soil matrices, however, challenges
analytic assessment of SOM-mineral interactions. The goals of this work were to: 1)
quantify the contributions of Fe-bearing minerals of varying crystallinity to dissolved
organic matter (DOM) sorptive processes in soils, and 2) characterize molecular
fractionation of DOM induced by reactions at the mineral interface, using a highlyweathered Oxisol from the Luquillo Critical Zone Observatory (LCZO). Three selective
dissolution experiments targeting Fe phases were followed by SSA analysis of the
residues and characterization of extracted DOM by high resolution mass spectrometry
(FT-ICR-MS). Fe-depleted extraction residues, Fe-enriched ferrihydrite-coated and
untreated control matrices were then subjected to a batch DOM sorption experiment.
Results of selective dissolution experiments indicate a substantial proportion of soil SSA
was derived from extracted Fe-bearing phases, and FT-ICR-MS analysis of extracted
DOM revealed distinct chemical signatures between C-rich and monolayer Fe-C
associations. Sorbed C concentration in subsequent batch DOM sorption experiments
were well correlated with Fe contents induced by treatments, suggesting that extracted Fe
minerals, and associated SSA, are strong drivers of C sorption in these soils. This study
confirms that Fe-mineral crystallinity affects the molecular composition of OM adsorbed
to the total mineral matrix. Adsorptive molecular fractionation was observed across
treatments, particularly those dominated by SRO, which preferentially adsorbed highly
unsaturated aromatic compounds, and higher-crystallinity Fe phases, associated with
more aliphatic OM. These findings are of particular importance to our understanding of
reduction-oxidation oscillations in humid forest soils, and suggests that molecular
fractionation via organomineral complexation may act as a physicochemical filter of
DOM released to the critical zone.
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4.1

Introduction

Humid tropical forest soils contain a substantial portion (~500 Pg) of the terrestrial
carbon (C) pool (Jobbágy and Jackson, 2000), yet the persistence of organic matter (OM)
in these systems remains unclear, largely due to mechanistic uncertainty in the
biogeochemical controls on soil C. Organomineral complexation, driven by the high
concentrations of iron (Fe)-bearing mineral phases accumulating in surface horizons, has
been framed as a potential stabilization mechanism (Kleber et al., 2005; Powers and
Schlesinger, 2002). However, humid tropical soils often contain a diverse array of Febearing minerals produced by pedogenesis, (Chadwick et al., 2003; Shoji et al., 1993),
and frequent oxidation-reduction (redox) oscillations in surface horizons (Thompson et
al., 2006), confounding our understanding of Fe contributions to C accumulation and
stabilization. Characterizing the contribution of soils with Fe-bearing matrices to organic
C accumulation may help reconcile the wide range of C turnover rates observed in
tropical soils, and disentangle the complex response of a substantial, but understudied, C
reservoir to changes in climate.
The physical properties of Fe solid phases in soil, such as their size, structure, and surface
area can regulate the dynamics of C sorption reactions (Hiemstra, 2013; Hutchison and
Hesterberg, 2004; Mallet et al., 2013; Saidy et al., 2013), which are a primary form of
organomineral association. Adsorption of OM to mineral surfaces has also been linked to
long-term retention of C in soils (Hanna, 2007; Jiskra et al., 2012. Short-range-order
(SRO; Wang et al., 2008) minerals, abundant in the volcanic soils underlying many
humid tropical forests, are particularly chemically reactive due to their high surface area
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and large numbers of hydroxyl groups (Torn et al., 1997). Even small amounts of these
minerals may provide an important substrate for adsorption of organic compounds.
Tropical systems are also characterized by large dissolved OM (DOM) inputs to surface
soils, a highly important fraction of the SOM pool due to its high reactivity (Bolan et al.,
2011). In many tropical forests, fine litterfall accounts for ~60% of aboveground net
primary productivity (Clark et al., 2001) and rainfall is frequent and abundant. As such,
the movement of litter-leached DOM represents an important flux of C that fuels
significant soil respiration and could account for a large proportion of soil CO2 fluxes
(Cleveland et al., 2006). DOM may provide a near-constant source of OM to mineral
surfaces in humid tropical systems. Increasing evidence shows mineral-complexed C has
been highly processed by microbial assimilation and turnover (Cyle et al., 2015; Kleber
and Johnson, 2010; Kögel-Knabner et al., 2008; Sollins et al., 2009). However, other
possible sources include root tissue and exudates, char (Kleber and Johnson, 2010) or
plant-derived compounds, such as lignin-derived phenols, mobilized through DOM
leaching (Kaiser and Kalbitz, 2012).
This abundance of DOM moving through humid tropical soils may undergo molecular
fractionation at the mineral interface, driven by both the spectrum of reactive minerals
present and the chemical reactions between OM and mineral surfaces. DOM is comprised
of numerous small molecular components bound by hydrophobic interactions and
hydrogen bonds, which may be broken if external bonding forces from mineral surface
functional groups are greater than the intermolecular forces between the molecular
components of DOM (Lv et al., 2016). Molecules with greater affinity to mineral
surfaces, often hydrophobic-, aromatic-, and carboxylic-rich fractions, will therefore be
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bound while other molecule classes with lower affinity will remain in solution, leading to
the molecular fractionation of DOM (Kaiser and Guggenberger, 2000, 2003a). The study
of such molecular fractionation has, however, been historically limited to spectroscopic
methods, which provide moiety-scale assessment of DOM chemistry, but are more
limited in deriving information at the molecular level. The chemical characterization of
DOM composition has recently been enhanced by the ultrahigh resolution capabilities of
electrospray ionization Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICR-MS), capable of resolving thousands of individual OM components (Sleighter
and Hatcher, 2007).
Characterizing Fe-bearing minerals in whole soil matrices is a similarly challenging
analytic enterprise, as these mineral phases are often difficult to isolate and detect via
traditional methods (i.e., x-ray diffraction) (Bigham et al., 1978; Regelink et al., 2013).
Many studies assessing molecular fractionation of DOM via organomineral complexation
utilize synthetic mineral substrates to isolate mineral-specific reactions. This work
investigates organomineral associations in humid tropical soil by mineral matrices of
varying Fe-bearing solid-phase speciation. We aim to assess the contribution of Fe
content and crystallinity to these organomineral complexes via two methodologies: 1)
molecular characterization of DOM extracted via selective dissolution with various Febearing mineral phases, and 2) assessment of the contribution of Fe-bearing mineral
phases to adsorptive molecular fractionation of DOM. Inorganic selective dissolution of
distinct Fe-bearing mineral phases and associated OM were followed by FT-ICR-MS
analysis of the extracts to detect in situ molecular fractionation of OM. Fe-induced
fractionation was also investigated in a laboratory batch sorption experiment. Soil
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residues post-extraction, a ferrihydrite-coated (Fh+) soil and untreated control soil,
comprising five distinct matrices varying in iron content, crystallinity and SSA, were then
reacted with DOM in a batch sorption experiment. Unsorbed and post-sorption DOM
solutions were analyzed for C concentrations to assess bulk sorption effects and via highresolution FT-ICR-MS to determine preferential adsorption of OM components.

4.2
4.2.1

Materials and Methods
Study site and sampling

Soil samples originated from an extensive sampling campaign completed in 2010
(Johnson et al., 2015) spanning the tropical montane forests of the Luquillo Critical Zone
Observatory (LCZO). For the present study, one surface (0 - 20 cm) horizon from a
quantitative soil pit of Oxisol soil order was selected to assess the contribution of matrix
Fe-bearing mineralogy to OM sorption and molecular fractionation. Soils from the
volcaniclastic parent material are fine textured, clay-rich, and highly-weathered (Stone et
al., 2015). Source volcaniclastic parent material contains volcanic sands, breccias, tuff,
conglomerates, and calcareous limestone that accumulated on the sea floor and
underwent greenschist-grade metamorphism in the Eocene (Porder et al., 2015).
Volcaniclastic rocks range between 47–55% SiO2, 5–10% CaO, 4–7% MgO and 0.5–
1.5% K2O (Buss et al., 2013). Soils were archived, air-dried and sieved to <2 mm prior to
further analyses.

4.2.2

Selective dissolution and residue characterization

Six soil subsamples from the source pit were subjected to three inorganic parallel
chemical extractions (n=18) for assessment of extractable Fe-containing secondary
weathering phases and associated C, as previously detailed in Coward et al., 2017.
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Briefly, inorganic dithionite extraction was used to quantify the contribution of all Fe
oxides, hydroxides, and oxyhydroxides derived largely from pedogenesis. HClhydroxylamine extraction was used to quantify the contribution of SRO oxides,
hydroxides, and oxyhydroxides mineral phases, and thus the contribution of more
crystalline phases may be deduced from the difference in hydroxylamine and dithionite
extraction. Sodium pyrophosphate was used to quantify chelated and dispersable Fe
phases. In each case, 0.5 g of soil was weighed into a 50 mL centrifuge tube with 30 mL
of extractant. Samples were shaken for ~16 h, then centrifuged at room temperature for
120 min at 5,300 × g. After centrifugation, the supernatant was decanted and syringefiltered through a 0.22 µm nylon membrane filter (Whatman, GD/X, 25 mm diameter)
into 50 mL glass sample tubes. The total Fe content of the untreated soil was measured
separately using microwave-assisted concentrated acid digestion (EPA method 3052,
(U.S. Environmental Protection Agency, 1996) of 0.5 g soil with 9 mL concentrated
nitric acid, 3 mL of concentrated hydrofluoric acid and 2 mL of concentrated
hydrochloric acid.
Extract supernatants were immediately stored in the dark at 4 °C after extraction for up to
one week prior to metals analysis. Concentrations of dissolved Fe and Al in the filtered
solutions were measured in triplicate by inductively coupled plasma optical emission
spectrometry (ICP-OES) (Genesis ICP-OES, Spectro Analytical Instruments GmbH,
Kleve, Germany). Analytical triplicates were subsequently averaged to provide a
composite measurement. Absorption wavelengths were selected for Fe at 259.940 and
238.20 nm. Extracts and solvent blanks were also frozen at -20 °C prior to DOC analysis.
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DOC concentrations were measured using a Shimadzu TOC-V/TN instrument (Shimadzu
Corp., Kyoto, Japan).
Centrifuged residues were freeze-dried overnight and lightly ground manually in
preparation for specific surface area (SSA) analysis. The N2 gas sorption technique was
used to measure SSA of residues and untreated soils. Samples were outgassed under
vacuum at 100 °C. Gas sorption analysis was conducted using a Tristar 3000
(Micromeritics, Norcross, GA, USA) under a series of 11 N2 pressure intervals. Surface
area values were calculated using the multi-point Brunauer–Emmett–Teller (BET)
approach with partial pressures of < 0.3.

4.2.3 Preparation of sorbent matrices and dissolved organic matter
The iron oxyhydroxide ferrihydrite (Fh) was synthesized according to methods described
by Herbel and Fendorf (2006). Briefly, a ferric chloride solution was rapidly titrated with
1.0 N NaOH until stable at pH 7.5. The suspension was allowed to equilibrate for at least
2 h, during which time the pH was adjusted to maintain a value of 7.5. Synthesized Fe
oxyhydroxides were repeatedly washed (4x) by centrifugation, resuspended in Milli-Q
water and kept at 4 °C until addition to substrates. Suspension was added to two
suspensions, one of 30 g soil and another of 30 g 50 mesh quartz sand, and shaken
horizontally for 48 hours until dry; this process was repeated three times to maximize
surficial coating. Ferrihydrite coatings were isolated from quartz sand samples via
suspended sonication and centrifugation for mineralogical confirmation. Mineral identity
was established by BET SSA analysis and X-ray diffraction (XRD) methods (data not
shown).
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DOM was extracted from O horizon material collected during the 2010 sampling
campaign. The composition of the original litter was 31.0 % C and 1.10 % N (Johnson et
al., 2015). The extract was obtained by shaking a 1:10 soil:Milli-Q water solution for 24
hours. The supernatant was obtained by centrifugation at 5300 x g and vacuum filtration
through 0.22 µm Whatman filters. This DOM was kept in the dark at 4 °C until TOC
analysis via a persulfate digestion and spectrophotometric method (Method 10173, Hach
Company, Loveland CO). Initial DOC concentration was 200 ± 1.48 mg C L-1.

4.2.4

Sorption experiments

Batch sorption experiments were conducted by mixing 0.5 g aliquots of soil with 15 mL
of DOM in a 50 mL Erlenmeyer flask. The batch sorption experiment included four
replicates of each sorbent matrix and four control samples consisting solely of DOM
solution (~200 mg C L-1) to determine DOM degradation during the experiment. Thus, a
total of 24 Erlenmeyer flasks were shaken for 48 h on a reciprocal shaker (120 rpm). A
biocide was not used and experiments were performed at room temperature instead of the
more typical temperature of 4 °C to maximize DOM sorption. After sorption, slurries
were centrifuged at 5300 x g, filtered through 0.22 µm Whatman filters and stored in the
dark at 4 °C. Supernatants from the batch sorption experiments were analyzed for DOC
as described above. The concentration of DOM retained by sorbent matrices was
calculated by the difference between concentrations in the initial and post-sorption
solutions. No detectable differences in DOM control solutions were detected, and thus no
correction was used in this calculation.

4.2.5

FT-ICR-MS analysis
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FT-ICR-MS analysis was used to characterize DOM of (i) selective dissolution extracts,
(ii) initial DOM, and (iii) post-sorption supernatants. Solid phase extraction (SPE) was
performed on all the samples to desalinate and concentrate according to Dittmar et al.
(2008). Briefly, extracts were prepared by diluting the extracts to 100 mg/L DOC with
mass spectrometry grade water and processing through Agilent PPL™ solid-phase
extraction cartridges. The adsorbed organic matter was eluted with mass spectrometry
grade methanol for FT-ICR-MS analysis, which was conducted with a 12-T Bruker
Daltonics Apex Qe FT-ICR-MS housed at the College of Sciences Major Instrumentation
Cluster at Old Dominion University. The solid-phase extraction processed samples
(eluted in methanol) were diluted by a factor of 5 with LCMS grade methanol and water
to give a final sample composition of 50:50 (v/v) methanol:water.
To increase the ionization efficiency, ammonium hydroxide was added immediately prior
to negative mode electrospray to bring the pH up to 8. Samples were introduced by a
syringe pump providing an infusion rate of 120 µL h−1 and analyzed with the electrospray
voltages optimized for each sample in order to maintain consistent and stable ion
currents. Ions (in the range of 200–1200 m/z) were accumulated in a hexapole for 1.0 s
before being transferred to the ICR cell. Exactly 300 transients, collected with a 4
MWord time domain, were co-added, giving about a 30-min total run time. The summed
free induction decay signal was zero-filled once and Sine-Bell apodized prior to fast
Fourier transformation and magnitude calculation using the Bruker Daltonics Data
Analysis software. Prior to data analysis, all samples were externally calibrated with a
polyethylene glycol standard and internally calibrated with naturally present CH2
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homologous series detected within the sample for each ionization mode. Only m/z values
with a signal to noise ratio ≥5 were exported for formula assignment.

4.2.6

Molecular formula assignment

A molecular formula calculating MATLAB script was used to generate empirical formula
matches for the resolved peaks using combinations of C (8–50 atoms), H (8–100 atoms),
O (1-30 atoms), N (0–5 atoms), S (0–3 atoms), and P (0–2 atoms) as limiting atomic
values. The resulting list was constrained to chemically feasible organic matter formulas
using the following criteria: O/C≤ 1.2, H/C≤ 2.25, H/C≥ 0.3, N/C≤ 0.5, S/C≤ 0.2, P/C≤
0.1, (S + P)/C≤ 0.2, double-bond equivalence (DBE) ≥ 0, and must be a whole number.
The 13C containing isotopic peaks that appear exactly 1.0034 m/z units higher and <50 %
relative peak abundance than their 12C containing peak were removed from the peak list,
since they give redundant molecular information. Another MATLAB script was used to
select the most appropriate molecular formula by using a hierarchy for determining the
correct assignment based on the following: (1) Kendrick mass defect analysis, (2) least
number of nonoxygen heteroatoms, and (3) lowest parts per million m/z deviation. The
script also classified the formulas into the appropriate van Krevelen space which
consisted of six discrete regions: (1) polycyclic aromatic formulas (AImod> 0.66), (2)
aromatic formulas (0.66 ≥ AImod> 0.50), (3) lignin/phenolic formulas (AImod ≤ 0.50 and
H/C < 1.5), (4) nitrogen-less aliphatic compounds (2.0 > H/C≥ 1.5 and N=0), (5)
nitrogen-containing aliphatic compounds (2.0 > H/C≥ 1.5 and N>0) and (6)
carbohydrate-like compounds (H/C≥ 2.0 or O/C≥ 0.9).

4.3
4.3.1

Results & Discussion
Selective dissolution of Fe-associated OM
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Chemical properties of soil samples post-selective dissolution (Table 4.1) were consistent
with previous applications of this selective dissolution method (Coward et al., 2017).
Hydroxylamine- and dithionite-extracted Fe were found to be the dominant extractable
Fe phases, suggesting crystalline and SRO Fe phases are prevalent in these soils. The
highest concentrations of C were solubilized by pyrophosphate extraction, however this
extractant solubilized the lowest observed concentrations of Fe. Resultant Fe:C ratios
indicate that hydroxylamine- and dithionite-extracted C may be Fe-bound via sorption
mechanisms, while pyrophosphate-extractable C may be associated via non-monolayer,
OM-rich mechanisms.
Ultrahigh resolution mass spectrometry of the extracts revealed additional differences in
OM composition liberated by each extract (Figure 4.1). FT-ICR-MS-assigned peaks were
divided into six classification classes, using aromaticity index (AI) and element ratios of
H/C and O/C (see Materials and Methods). van Krevelen diagrams (Figure 4.1A-C) and
relative distributions (Figure 4.1D) of chemical classifications show a predominance of
lignin-like compounds across all extracts. The strong adsorption of lignin-like
compounds to mineral surfaces has been well documented, and is a function of both
ligand exchange reactions (Dai et al., 1996; Guggenberger et al., 1998) and the difficulty
in degrading lignin and lignin-like compounds (Jandl and Sollins, 1997; Qualls and
Haines, 1992).
We do identify substantial differences in classification classes amongst extracts. Most
notably, pyrophosphate-solubilized DOM differs substantially from DOM solubilized in
other extracts (Figure 4.1A). The relative abundance of compounds in each group (Figure
4.1D) reveal pyrophosphate-extracted OM contained greater unsaturated aliphatic and
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saturated carbohydrate-like contributions and fewer condensed lignin and aromatic
contributions. DOM molecules in the aliphatic region (H/C > 1.5) of the van Krevelen are
likely to be microbially-derived, but may also may be sourced from root necromass or
other root inputs to soils, such as root exudates (Ohno et al., 2014a). Carbohydrates in
DOM are derived from decaying microorganisms, and are mainly composed of large
aggregates of carbohydrates such as polysaccharides as well as proteins and peptides
(Mitchell et al., 2013). The predominance of carbohydrate-based compounds associated
to chelated or colloidal Fe is in accordance with previous findings (Kaiser and
Guggenberger, 2003b; Mitchell et al., 2013) that these inherently polar compounds may
not be adsorbed directly to mineral surfaces. More broadly, chelated or colloidal OM
appears to be largely microbial in origin, and, due to the weaker electrostatic interactions
stabilizing these structures, may represent a more rapidly cycling pool of C. In
accordance with the “cytoplasmic solute” hypothesis proposed by Fierer and Schimel
(2003), such hydrophilic compounds may be easily dissolved, and subsequently
mineralized, during the frequent rainfall events in humid forest soils.
Visual inspection of van Krevelen diagrams of the hydroxylamine-extracted (Figure
4.1B) and dithionite-extracted (Figure 4.1C) OM indicates less occupation of aliphatic
space (H/C > 1.5), and a predominance of polycyclic aromatic, aromatic and lignin
components. Preferential adsorption of aromatic structures to SRO Fe phases via
carboxyl groups is well-established (Kaiser and Guggenberger, 2000; Kalbitz et al.,
2000). Hydroxylamine-solubilized OM contains relatively fewer contributions of ligninlike components than those observed in dithionite-solubilized OM, accompanied by
greater polycyclic aromatic contributions. The increase in dithionite-extracted lignin-like
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components is likely due to overall increased mineral dissolution. We suggest that
polycyclic aromatic compounds may be preferentially bound to the greater available SSA
provided by SRO mineral phases.
We observe an influence of Fe-bearing mineralogy on the degree of unsaturation of coextracted OM, evident in comparing double-bond equivalence (DBE), a measure of the
number of double bonds and rings in a molecule, to the number of oxygen atoms (O
number), indicative of compound mass and oxygenation (Figure 4.2). All extracted OM
contained 1 to 20 oxygen atoms, with DBE values spanning 0 to 42, a larger distribution
than commonly observed in DOM derived from temperate systems (D’Andrilli et al.,
2010; Lv et al., 2016). Dithionite-extracted OM, while comprising only a small portion of
total soil C, encompassed the largest diversity of both O number and DBE. The smallest,
most-saturated and largest unsaturated compounds detected were present in this fraction.
Hydroxylamine-extractable OM displays a similar DBE/O signature, suggesting that SRO
Fe phases are complexing with compounds across a wide range of saturation. Notably,
compounds extracted by dithionite alone, largely those of high DBE (>37) and low
oxygenation (O number of 1 - 3) are likely those bound to the most crystalline Fe present
in these soils. Pyrophosphate-extracted OM contains only compounds appearing in the
mid-regions of the distribution, suggesting that colloidal or chelated OM in this soil is
less oxygenated, and more aliphatic, than OM bound directly to crystalline and SRO
mineral surfaces.

4.3.2

DOM sorption by mineral matrices

Sorbent matrices, including post-extraction solid-phases residues, Fh+ soil, and untreated
soils, were exposed to O horizon-derived DOM in a batch sorption experiment to assess
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the contribution of Fe mineral crystallinity and reactivity to matrix adsorption capacity.
All sorbent matrices were characterized for total C and Fe content and SSA prior to
sorption to provide an understanding of C adsorption capacity (Table 4.1, Figure 4.3).
Sorbent matrices were found to encompass a range of Fe content (Figure 4.3A), which
was strongly correlated (R2 = 0.90) with measured SSA (m2 g-1). This confirms the
hypothesis that Fe-bearing mineral phases are a critical driver of available surface area in
these highly-weathered tropical soils. Similar post-sorption measurements were obtained
to determine the concentration of C bound. Notably, sorbed C concentrations, derived
from initial and post-sorption DOM measurements, were similarly well-correlated (R2 =
0.76) with Fe content (Figure 4.3B).
Such robust correlations suggest that Fe-bearing mineral phases, and associated SSA, are
strong controls on C accumulation in these soils. It is important to note untreated soils
adsorbed anomalously low C concentrations (Figure 4.3B), which we suggest is due to
the existing occlusion of Fe-bearing minerals by OM, as the other treatments either
removed Fe but also C (selective dissolution), or added Fe phases without increasing OM
content (Fh coating). Comparison of C loadings (mg C m-2) pre- and post-sorption
(Figure 4.2C) revealed an expected increase in loadings due to sorption across all
treatments, consistently correlated with Fe content (R2 = 0.79, R2 = 0.80, respectively).

4.3.3

Molecular fractionation of matrix-sorbed OM

FT-ICR-MS data of pre- and post-sorption DOM were used to identify compounds that
were selectively removed from the solution due to adsorptive molecular fractionation of
the bulk DOM (Figure 4.4). After post-spectral processing to identify peaks present in at
least two out of three replicates, each treatment contained > 2000 mass spectral peaks that
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were assigned elemental compositions in the range 150 <m/z <850, reflective of the
compositional diversity of the initial DOM. Initial DOM contained primarily unsaturated
lignin-like (57%) and N- aliphatic (22%) components with smaller contributions of
aromatic (10%), N+ aliphatic (5%), condensed polycyclic aromatics (4%), and
carbohydrate-like (2%) components observed.
Molecules present in the original DOM, but absent from the supernatant after adsorption,
were considered to be completely bound by the mineral phases present. These
compounds are plotted in Figure 4.3 as black symbols (S/N > 10 in post-sorption DOM),
while grey symbols provide a reference of the initial, pre-sorption DOM (S/N > 5)
(Figure 4.4). Three patterns of sorption efficiency were identified: i) high levels of
sorption in DOM after exposure to Fh+ soil (50% of initial compounds sorbed) and
pyrophosphate residues (42%), ii) intermediate sorption to hydroxylamine (27%) and
dithionite residues (32%), and iii) low sorption to untreated soil (20%).
The addition of Fh coatings to the bulk Oxisol soil (Fh+) increased available mineral
SSA (Figure 4.3A). Pyrophosphate extraction, in removing 40% of soil C and only 9% of
soil Fe (Table 4.1), may represent another method of exposing previously occluded
binding sites. This hypothesis is supported by the finding that both treatments induced
similar sorption signatures of lignin-like and aromatic compounds (Figure 4.4). However,
SSA values of the pyrophosphate residue (Figure 4.3A) are not higher than the untreated
soil, as would be expected if mineral surfaces were exposed. It is possible that the
observed decline in SSA from the untreated soil may be due to the 9% Fe extracted,
which may mask the exposure of residual Fe mineral surfaces. We thus tentatively
suggest lignin-like and aromatic compounds are preferentially bound to exposed SRO Fe92

bearing mineral phases in these matrices, also observed in analysis of extracted OM. The
preferential adsorption of carbohydrate compounds, observed here to Fh+ residues, has
been similarly observed with synthetic Fh phases (Chassé et al., 2015; Lv et al., 2016).
Sorption with hydroxylamine-extracted soils, lacking SRO Fe phases but retaining more
crystalline phases, induced preferential adsorption of aromatic and N- aliphatic
compounds from solution, suggesting these phases may be preferentially bound by more
crystalline Fe-bearing mineral phases (Figure 4.4). When crystalline Fe phases were
removed via dithionite reduction, an increase in sorption of lignin-like and polycyclic
aromatic compounds was observed. Persistence of SRO phases after dithionite reduction
has been previously observed (Eusterhues et al., 2008). Our results here are in accordance
with the previous finding that dithionite-resistant Fe in these soils is SRO, as OM
adsorbed by dithionite residues, while less abundant, is compositionally similar to OM
adsorbed by Fh+ matrices. Untreated soil, representative of in situ surface horizons, was
capable of sorbing little OM, likely due to pre-existing surface coverage by OM.
However, small amounts of aromatic and polycyclic aromatic compounds were removed
from the initial DOM upon reaction.
Quantitative distributions of O/C, H/C and DBE of initial and sorbed DOM (Figure 4.5),
provide further insight into the molecular fractionation of OM by treatment. Initial DOM
was rich in compounds with low O/C, high H/C, and low DBE, as observed by Lv et al.,
(2016). O/C ratios are a useful index of oxidation, and H/C and DBE are directly related
to the saturation level of a compound. Across all treatments, the adsorbed OM was
enriched in high O/C, low H/C and high DBE compounds, suggesting that oxidized
compounds with higher unsaturation level were preferentially bound by mineral surfaces.
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Treatment-dependent trends were observed, as OM sorbed to Fh+ soil and pyrophosphate
residues was comprised of compounds with the highest O/C and DBE values, and the
lowest H/C values. Notably, OM adsorbed to the residual concentrations of highly-SRO
Fe persisting in dithionite matrices displayed a more marked shift towards high O/C
values than those sorbed to hydroxylamine-extracted matrices, possibly due to the greater
adsorption of polycyclic molecules to persistent SRO Fe. Sorption onto bulk soil
surprisingly favored adsorption of compounds with the lowest O/C and H/C values, only
observed in the initial DOM, and an enrichment in high DBE compounds.

4.3.4

Oxygenation effects on molecular fractionation of matrix-sorbed OM

Changes in relative abundance (%) of compound classes induced by adsorption, when
parsed by O number (Figure 4.6), provide a quantitative characterization of treatmentspecific variations and mass effects on preferential sorption. Increased adsorption of
lignin-like and aromatic compounds with increasing mass is observed in adsorbed OM on
Fh+ (Figure 4.6A), pyrophosphate residues (Figure 4.6C), and to a lesser degree,
dithionite residues (Figure 4.6E). The similarity in across all three profiles indicate the
preferential sorption of higher mass, oxygenated lignin and aromatic compounds to these
matrices is likely due to sorption with SRO Fe phases. Dithionite-extracted matrices
differ, however, in the sorption of smaller, polycyclic aromatic compounds (Figure 4.6E).
The preferential adsorption of these compounds to such stable, SRO Fe-oxyhydroxides
suggests they may persist over longer timescales than OM associated with more mobile
Fe phases. In contrast, decreasing sorption of smaller compounds with increasing
oxygenation was observed after reaction with pyrophosphate-extracted matrices (Figure
4.6C). Exposure to Fh+ soil (Figure 4.6A) also induced mass-dependent sorption of small

94

PCAs, as ≤ O5 formulae were preferentially sorbed with increasing mass. No
distinguishable mass effects were observed in OM sorbed to hydroxylamine-extracted
matrices (Figure 4.6D) and untreated soil (Figure 4.6B).
To further probe mass effects on sorption of compounds varying in their aromaticity, we
compared DBE and O number values of initial and post-sorption DOM (Figure 4.7).
Initial DOM contained 1 to 24 oxygen atoms, with DBE values spanning 0 to 45, an only
slightly larger distribution than observed in extracted DOM solutions. We observe two
principal findings: First, Fh+ and pyrophosphate-extracted sorbent matrices preferentially
adsorbed high O, high DBE compounds (empty circles) (Figure 4.7), consistent with
observed sorption of aromatic compound classes (Figure 4.6). Secondly, dithioniteextracted matrices, containing residual, highly-SRO Fe, also was found to bind a subset
of high DBE, high O compounds, but predominantly adsorbed less oxygenated, highly
saturated compounds (Figure 4.7), also consistent with classifications (Figure 4.5).

4.3.5

Ecological implications

Observed fractionation of DOM by soil matrices of varying Fe-bearing mineral
crystallinity has broad implications for OM cycling in tropical systems. Highlyweathered, humid tropical soils often extend beyond two meters in depth, and subsoils
store substantial quantities of soil organic C in low concentrations, contributing
approximately 50% of the estimated C pool below 1 m (Jobbágy and Jackson, 2000).
Contrary to many temperate systems, surficial DOM inputs may reach humid tropical
subsoils, particularly during frequent storm events (Cleveland et al., 2006; Wieder et al.,
2009). Importantly, we suggest redox-active surface (0 - 20 cm) horizons in the LCZO
may act as a physicochemical filter during vertical transport of DOM to subsoils. Recent
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studies have shown that DOM in surface horizons has a near-modern radiocarbon
signature, comprised mainly of recent photosynthesis products (Fröberg et al., 2009;
Sanderman et al., 2008), in accordance with production during the decomposition of litter
material. In contrast, subsoil DOM is often depleted in radiocarbon, which suggests the
presence of either aged compounds or compounds incorporating older carbon (Fröberg et
al., 2009; Sanderman et al., 2008). Consequently, soil C in subsoils is not only result of
preferential sorption, but also of microbial processing and potentially subsequent release
of OM previously sorbed in overlaying horizons.
The complex dynamics of C cycling throughout the soil column is only heightened in
redox-active systems. LCZO soils undergo well-documented fluctuations in oxygen (O2)
availability over scales of hours to weeks (Cleveland et al., 2010; Liptzin et al., 2011;
Schuur et al., 2001; Silver et al., 1999) , which are capable of altering Fe-bearing mineral
solubility and crystallinity (Ginn et al., 2017). As a result, the same high-rainfall events
that generate pulses of DOM down-profile may directly affect the surficial Fe-bearing
mineralogy serving as a chemical filter. Characterization of the contributions of mineral
matrices, which experience such processes en sum, in addition to mineral-specific
reactions, is necessary in unraveling the complexities of organomineral association in
tropical systems.
Molecular fractionation of DOM by mineral matrices of varying Fe content and
crystallinity was confirmed by two methods: (1) high-resolution analysis of inorganic
extractants, targeting various forms of Fe-bearing mineral phases, and (2) by batch
sorption results with differing Fe content, SSA, and crystallinity. Results from FT-ICRMS analysis of selective extractions suggest that mineral-sorbed OM, i.e. compounds
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from hydroxylamine and dithionite-extracted soil matrices, are less aliphatic and more
aromatic than pyrophosphate-extracted OM compounds, which are implicated in complex
association structures, such as colloids or aggregates (Figure 4.1, 4.2). However, only
minor differences are detectable between the two Fe-sorbed OM pools by this method,
suggesting that the complexities of association mechanisms and secondary soil structures
may confound detection of molecular fractionation in this experiment.
Results from the batch sorption experiment do provide evidence for molecular
fractionation of OM by Fe mineral matrices of varying crystallinity (Figure 4.6). The
observed findings suggest four groupings of Fe-C interactions are occurring in these
soils: those dominated by SRO mineral surfaces (pyrophosphate residue and Fh+),
crystalline Fe surfaces (hydroxylamine residue), reduction-resistant Fe surfaces
(dithionite residue), and occluded Fe (untreated). We observe preferential adsorption of
large, oxygenated lignin and aromatic structures to both matrices dominated by SRO
mineral surfaces and marked adsorption of small polycyclic aromatic compounds to Fh+
matrices alone (Figure 4.6A, Figure 4.7), suggesting that Fh mineral phases specifically
may sorb to polycyclic structures, rather than the bulk Oxisol matrix. OM bound to SRO
Fe phases also exhibit the highest DBE and O/C ratios (Figure 4.5), suggesting that these
compounds are the most unsaturated fraction of the initial DOM.
More crystalline Fe surfaces, remaining after hydroxylamine extraction, display
preferential adsorption of aromatic and aliphatic compounds, particularly N- aliphatic
molecules, the latter of which is only observed in this treatment (Figure 4.6D). As such,
microbial biomass, or root exudates, may be preferentially adsorbing to more crystalline
surfaces, which have smaller surface areas and fewer reactive sites. Additionally, low
97

abundances of adsorbed lignin-like compounds were observed, suggesting that ligand
exchange with hydroxyl groups is not a dominant mechanism at more crystalline Fe
mineral surfaces. Reduction-resistant Fe surfaces, representative of the most stable forms
of Fe present, displays increasing adsorption of lignin-like and aromatic compounds with
increasing O number (Figure 4.6E), similar to that seen in Fh+ (Figure 4.6A) and
pyrophosphate-extracted matrices (Figure 4.6C). However, we also observe a
predominance of low-oxygenation, high-DBE, polycyclic structures preferentially
adsorbed (Figure 4.7), suggesting that reduction-resistant Fe may be largely composed of
Fh phases. Notably, only polycyclic and aromatic compounds noticeably adsorbed to
occluded mineral surfaces in the untreated soil (Figure 4.6B), but the finding of any
adsorption to this soil suggests the bulk mineral matrix is not C saturated.
Redox oscillations due to rainfall are commonly thought to cause a depletion of SRO Fe
phases via reduction and leaching, thus enriching the remaining soil in crystalline Fe
phases (Miller et al., 2001). As such, we expect the preferential leaching of OM adsorbed
to SRO phases, namely highly unsaturated, oxygenated aromatics and lignin-like
compounds, down-profile or laterally across the landscape during rainfall events.
However, substantial rainfall events, frequent in the LCZO and other humid forest
environments, may promote dissolution of dithionite-extractable Fe (Miller et al., 2001).
Thus, extreme inundation of surface soils may lead to leaching of aliphatic compounds
preferentially adsorbed to more-crystalline Fe phases (Henneberry et al., 2012; VasquezOrtega et al., 2014). Retention of small, low-oxygen polycyclic compounds in addition to
larger aromatic and lignin-like compounds by reduction-resistant Fe phases is expected
throughout redox oscillations in these soils, potentially serving as a mechanism for
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accumulation of OM, and may aid in reconciling the unusually long 14C ages observed in
these soils (Pett-Ridge, pers. comm.).
This work highlights the importance of Fe-bearing mineralogy in determining the
chemical composition of OM moving through the critical zone in tropical forest systems.
Storm event frequencies have been predicted to increase in humid forest systems, e.g.,
(Knutson et al., 2010), and which may lead to accelerated leaching and subsequent
mineralization of distinct fractions of mineral-associated OM. However, evidence of
increases in Fe crystallinity with redox frequency in closed systems (Ginn et al., 2017;
Thompson et al., 2006) suggests that some SRO-associated OM may become
increasingly stabilized with increasing precipitation frequency, although the fate of OM
during recrystallization events is still unclear. Future studies are necessary to determine
the detailed mechanisms of mobilization, and stabilization, of matrix-associated OM
during redox oscillations.
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Extracted Fe
-1

mg g soil
Pyrophosphate

Extracted C

% total Fe

-1

mg g soil

% total C

6.86 ± 0.82

9.81 ± 0.59

11.6 ± 0.25

28.8 ± 0.35

Hydroxylamine

21.5 ± 0.78

30.8 ± 0.56

6.25 ± 0.19

15.9 ± 0.50

HCl - Dithionite

33.5 ± 0.98

47.8 ± 0.70

5.71 ± 0.46

14.0 ± 0.59

Table 4.1 Extracted Fe and C concentrations from selective dissolution of Oxisol soils.
Relative concentrations (%) are expressed as a proportion of total Fe, measured by acid
digest, or total C, measured by elemental analysis.
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Figure 4.1 Molecular composition of extracted DOM solubilized by pyrophosphate,
hydroxylamine and dithionite extraction of Oxisol soils.
Van Krevelen diagrams of pyrophosphate- (A), hydroxylamine- (B) and dithionite- (C)
extracted DOM. Only unique negative ion mode components present in at least 4 out 6
replicates are shown. Relative abundance of compound classifications for each extractant
are shown in (D).
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Figure 4.2 Double bond equivalence (DBE) as a function of the number of O atoms in
molecular formulae of DOM solubilized by dithionite, hydroxylamine and pyrophosphate
extraction of Oxisol soils.
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Figure 4.3 Correlations of mineral Fe content with sorbed C, SSA, and C loadings.
Correlation of Fe content of each treatment, expressed as a percent change from the
untreated control, with (A) BET surface area (m2 g-1), (B) Sorbed C concentrations (mg g1
), as detected by the difference in C concentrations between pre- and post-sorption
DOM, and (C) pre- and post-sorption C loadings (mg C m-2).
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Figure 4.4 Molecular composition of initial and sorbed DOM.
van Krevelen diagram of initial DOM shown in black, and in grey as a reference. Unique
negative ion mode sorbed components are shown in black. Sorbed DOM compounds
determined to be exact masses observed in initial DOM solution but not observed in postsorption DOM treatments.
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Figure 4.5 Quantitative distributions of O/C, H/C and DBE of compounds in initial and sorbed DOM solutions.

Figure 4.6 Change in proportional
relative abundance of CcHhOo formulae
after DOM adsorption to sorbent
matrices.
Observed DOM compound
classifications remaining after reaction
with (A) Fh+ soil, (B) untreated soil, (C)
pyrophosphate residue, (D)
hydroxylamine residue, and (E)
dithionite residue. Each compound class
was parsed according to O number, and
the effect of adsorption on each
compound class determined by
calculating the change in relative
distributional abundance (%) in the bulk
DOM solution to its relative
distributional abundance (%) in each
post-sorption DOM solution.
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Figure 4.7 Double bond equivalence (DBE) as a function of the number of O atoms in
molecular formulae of DOM before and after adsorption.
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5

CHAPTER FIVE: Conclusions

This dissertation characterizes the physicochemical and molecular controls on Femediated organomineral associations at a range of spatial scales across the Luquillo
Critical Zone Observatory. In doing so, we seek to elucidate potential mechanisms
controlling the turnover of a significant but under-studied C pool. By probing
methodological questions at the landscape, pedon, and mineral surface scales, we both
isolate site-specific heterogeneities, and identify overarching, “critical zone” processes
that impact organomineral associations over multiple spatial scales. In an effort to move
towards a synthetic understanding of organomineral chemistry across the Luquillo
Critical Zone, an analysis of three “critical zone” processes this work identified as
effectors of Fe-C biogeochemistry are detailed below.

5.1 Pedogenesis
The LCZO is composed of lower-Cretaceous volcaniclastic sediments of andesitic
composition and an early-Tertiary age quartz-diorite pluton known as the Rio Blanco
stock (Seiders, 1971a, b). The volcaniclastic parent material weathers to produce Oxisols,
which are clay-rich soils containing <10% weatherable minerals. The quartz diorite
parent material weathers to produce Inceptisols, which are coarse-textured and contain up
to 40% primary minerals in surface soils (Scatena, 1989; Silver et al., 1999). The effect
of such contrasting mineralogy is evident in Chapters 2 and 3, where contrasting soil
types display unique signatures of Fe composition and structure.
In Chapter 2, we attributed observed differences in extractable Fe and C content and
distribution between contrasting soil types to pedogenic processes. Contrasting
composition and weathering of the bulk mineralogical matrix across soil types is reflected
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in observations of higher Fe content in Oxisol soils in both surface and subsurface soils.
Weathering processes also appear to drive the differences in Fe phase distribution
observed at depth, likely as this horizon is closer to the regolith-soil interface and not
dwarfed by inputs of surface processes. We find that deep Oxisol Fe is largely shortrange-order (SRO) phases, likely produced as hydrated weathering products of the
volcaniclastic parent material, while chelated or colloidal Fe phases dominate Inceptisol
subsurface Fe.
Pedogenic weathering of the contrasting lithologies present in the LCZO were found to
drive the solid phase Fe speciation of the two soil types, characterized in Chapter 3. A
predominance of FeIII-oxyhydroxide phases were observed in Oxisol soils and
substantially smaller contributions made by FeII and nano-Fe phases, in contrast with the
strong relative contribution of FeIII in clay minerals or organic complexes in the native
Inceptisols. As such, Inceptisol soils appear to contain equal contributions of Fe from a
broad spectrum of solid-phase speciation, while the Oxisol Fe overwhelmingly
dominated by FeIII-oxyhydroxide phases, which may reflect differences in weathering
rates between the soils. A major finding of Chapter 3, we suggest contrasting Fe solidphase speciation across soil type may drive the formation of distinct mineral architecture.
We propose that Oxisol Fe-bearing phases are composed largely of small FeIIIoxyhydroxide particles, in which SRO FeIII particles may serve as highly-stable
foundational units, while Inceptisol Fe-bearing phases occur primarily as coatings on
matrix-dominant quartz grains.

5.2 Redox oscillations
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Wetting and drying cycles (i.e. transitions between atmospheric O depletion and
2

saturation), resulting in oxidation-reduction (redox) oscillations, have been documented
in both Inceptisol and Oxisol surface soils of the LCZO over short time scales (hours to
days) and distances (meters) (Chacon et al., 2006; Cleveland et al., 2010; Silver et al.,
1999). Frequent redox oscillations have been observed to accelerate the production of
crystalline Fe-bearing phases, as described by Thompson et al. (2006) and Vogelsang et
al. (2016). Consistent with these findings, we observed uniform substantial accumulation
of more-crystalline dithionite-extractable Fe phases in both Oxisol and Inceptisol surface
soils in Chapter 2. This work provides strong evidence that redox cycles are driving Febearing mineral crystallinity in surface horizons, rather than pedogenic processes.
In Chapter 3, we observed the persistence of short-range-order (SRO) FeIIIoxyhydroxides after laboratory reduction events in Oxisol soils, while abiotic reduction
of Inceptisol soils resulted in the removal of FeIII-oxyhydroxides consistent with the bulk
mineral matrix. While the strong reductive conditions of dithionite extraction are an
extreme exaggeration of natural reduction, the persistence of Oxisol SRO FeIIIoxyhydroxides under the strong conditions documented here suggests that such phases
may also persist under weaker reductive conditions in situ. As such, abiotic and biotic
reduction events alike in LCZO soils may result in contrasting changes in Fe crystallinity,
in turn driving disparate mobilization of associated OM.
Results from Chapter 4 suggest that preferential dissolution of SRO Fe-bearing phases
may result in the release of highly unsaturated, oxygenated aromatics and lignin-like
compounds, while intense dissolution of reducible FeIII phases would mobilize of
aliphatic compounds preferentially adsorbed to more-crystalline Fe phases. Retention of
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small, low-oxygen polycyclic compounds in addition to larger aromatic and lignin-like
compounds by reduction-resistant FeIII-oxyhydroxide phases is expected throughout
redox oscillations in these soils, potentially serving as a long-term mechanism for OM
stabilization in these otherwise rapidly-cycling soils.

5.3 Inputs of soil organic matter
The chemical complexity of soil organic matter (SOM) is derived largely from a diversity
of source inputs, including plant litter, roots and root exudates, fungal hyphae, and
microbial biomass, and stratification across both a temporal continuum of decomposition
and a vertical spatial gradient with depth. In the LCZO, often categorized as a C-poor
system, we observed substantial C stocks in surface soils, reflective of abundant topdown inputs. Surface extractable C concentrations also differ substantially across soil
type, despite comparable OM inputs, suggesting surface soil C is accumulating due to
organomineral complexation.
A signature of soil type-dependent factors was not observed in deep C. Inputs of the low
C concentrations observed overall at depth in both soils could include dissolved organic
matter, root products, and transported particulates from the surface, but the relative
importance of different sources remains unknown. Based on depth trends of elemental
composition (decreasing C/N ratio), isotopic composition (increasing δ13C values) and
individual organic compounds, microbial products make up more organic matter in
subsoil horizons than do plant compounds (Kaiser and Kalbitz, 2012; Schmidt et al.,
2011).

111

However, vertical transport of surface SOM to deep horizons may be a more important
source of C in tropical systems, particularly during frequent storm events (Cleveland et
al., 2006; Wieder et al., 2009). Findings from Chapter 4 of OM fractionation by mineral
matrices of varying Fe content and crystallinity suggest that OM reaching subsoil
horizons via leaching events may be chemically distinct from that retained in surface
horizons.
Organic matter in subsoil horizons is also characterized by very long turnover times that
increase with depth—radiocarbon ages of 1,000 to >10,000 years are common—but the
reasons for this are not clear. We hypothesize deep C in LCZO soils may be only
occupying a small percentage of available mineral-provided surface area, thus differences
in Fe content between the two soils at depth may not prove important. As shown in
Chapter 2, a larger proportion of C at depth was extractable, supporting the previouslyobserved hypothesis that more C in subsurface horizons is mineral-bound ((Hassink,
1997 #767; Mayer, 1994 #1488; Mayer, 2001 #768); as compared to surface soils
(Rumpel and Kögel-Knabner, 2011).
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Appendix Table 1 Mössbauer parameters and site populations for LCZO surface Oxisols at 295K.

APPENDIX
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Appendix Table 2 Mössbauer parameters and site populations for LCZO surface Inceptisols at 295K
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Appendix Table 3 Mössbauer parameters and site populations for LCZO surface Oxisols at 77 K.
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Appendix Table 4 Mössbauer parameters and site populations for LCZO surface Inceptisols at 77 K.
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Appendix Table 5 Mössbauer parameters and site populations for LCZO surface Oxisols at 5 K.
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Appendix Table 6 Mössbauer parameters and site populations for LCZO surface Inceptisols at 5 K.
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